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FOREWORD

This technical report snmnarizeb the work accomplished

mitring Contract No. F33615-71-C-1713, "Development of Engineer-

ing 1aata on the Mechanical aw.d Physical Properties of Advanced

(omposite materials;" it was prepared by the Mechanics Research

Divi-sion of th- iIT Research Institute. The work reported here-

in a.-s acconwplished trdder the joint :;ponsorship of two divisions

of th, Air Force Materials l.aboratt)ry the Systems Support and

thf- Adv.inced )ev( lopmenL Luivision, under Project No. 7381,

"Y'att.rial Application, Task No. 71810t6, Design lOata I)fvelopmrnL D

and Advancud L.omnos iLt Alp'." .lessrs. M. Knight, AFMI./mXE, of

<.'t,:'.' .loprr~ yl -i n :ind (apt. i. 1oodrulr and K. L.''ff, of

tht' Advanc t i(V,.lopnmt.nt I)ivisit.n r( r thy Air Force Project

Engin.ers.

An advanced compositt tt a:,i ,.1 d r thlt dir-i t I•on of the

Ilaterials ingtncering S.ction of thi Mt chanics Rt.scarch Division

performed the work described he rein. IITR[ personnel associated

with this program and their respective responsibilities are

d(t' lied1'l't bhkloW:

a
K. F.. ttofer, Program Managt.r

N. Raot, (Overall Fngit wrcIng and Sclt-duling

V. Ilumphrrvs, Analytical Methods and Report-ing

1). Larsen, Thermophysical Testing S

R. l~abedz, Fabrication

H. I.•ne, Static T-st Engineer

L. C. BT inett, Fatigue Test Engineer

R. A. Sti ,ehmer, Creep Test Engineer

This is the final technical report and summarizes the

technical activities from June 1, 1971 throtgh November 30, 1973.
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6 CT AND SEkIARY OF RESULTS

The present program was initiated to generate data on the

(ffect of various environments on the physical, thermal, and

mechanical properties of three resin matrix composites: (AVCO

5505/Boron, Modmor II Graphite/I 4rmco 5206 and Courtaulds HMS

Graphite/Hercules 3002M) and two metal matrin composites (6061 t

Aluminum/Boron and 6A1-4V - Titanium/BorSiC). The resin matrix

systems were procured in the form of prepreg tapes and laminates

and specimens were fabricated at IITRI. The metal matrix com-

posites were fabricated by vendors in laminate form and supplied

The environments included steady state humidity condi-

tioning for two exposure periods, cyclic humidity conditioning

which included the effects of thermal shocks and the effect of

photodegradative exposures, and steady and cyclic thermal ex-

posures. z

Part I ol this report described the material procurement,

materials specifications, laminate fabrication, quality control

and material quality assurL-ace tests, and presents the test pro-

cedures in detail. Part II of this report presents a complete

aL,,IUMLy vi LLI• al•'L GI, LrU1I. • dii S eLi, ic a.igue, creep

and thermo-physical properties of the five composites.

On a material by material basis the following oonclusions

were reached:

AVCU 5505/Boron

There was a general deterioration in the bz.seline tensile,

compressive and in-plane shear strengths of AVCO 5505/Boron with

increasing temperature. The elasttc modul.i. of the 0Q propertics

were relatively unaffected up to 350'F but the transverse (90*)

iv



and in-plane sheae moduli decreased with temperature. The

[0/45/135/O/l6 baseline tensile and compressive moduli were

relatively unaffected up to 3501F.

The steady state humidity conditioning caused the strengths

of AVCO 5505/Boron to fall below the baseline values particularly

at elevated temperatures (by up to 30% for 350"F compression).

This occurred for all orientations and in tension, compression

and shear (the differences were generally of the order of 10o).

The elastic moduli of AVCO 5505/Boron were reduced to a small

extent (generally 2-47) by the steady state humidity condition-

ing; the strongest effects were noted for the in-plane shear

(107.) and transverse moduli (30%). The steady state conditioning

increased the moduli of the [0/45/135/0/90a laminates by 5-10%.

High humidity and thermal shock as indicated by the

thermo-humlidity cycle results had the same effect as steady

state humidity conditions but had greatest impact on the room

temperature atatic strength remults (up to 207. for tension of

900). The largest degradatory effects were obtained for com-

bined humidity and ultraviolet on both strengths and modulus of
all three orientations although a mixed effect was noted at ele-
vated temperatures (losses up to 50% of the 900 compressive

strength were seen).

The steady state humidity conditioning degraded the

fatigue performance of AVCO 5505/Boron composites (losses of

approxImVvAtely% 107.) Theqwarm -,4At

fatipgie performance of AVCO 5505/Boron at the higher cyclic

levels thus shifting the S-N curves downward and rotating the

curve about the low cycle levels (losses up to 25%. were en-

countered at high cycle levels). A-celerated weathering had

the least effect on the fatigue behavior.

V



The steady state humi•ity conditiot ing had a detrimental

effect on stress-rupture behavior of 0" AVCO 5505/Boron (loss of

25%) but enhanced the stress rupture behavior of [0/45/135/0/19

composites by approximately 107..

Steady thermal conditioning enha~tced the strength (up to

8%.) and modulus (up to 61) of AVCO 5505/Boron. The cyclic thermal

conditioning had a mixed (%ut moderate rather than severe) effect

on the strength and z..duli of all three orientations.

The interlaminar shear strengths were decreased by humidity

conditioning (by up to 25%) but were unaffected by both steady

state and cyclic thermal conditioning.

The AVCO 5505/Boron -omposite fatigue behavior was degraded

by 10% at all temperatures by steady-state thermal conditioning.

The stress-rupture behavior was improved by up to 57. by steady

state thermal conditioning. Similarly stress-rupture improve-

ment (201) and fatigue degradation (10 to 15%) were shown for

prior exposure to cyclic thermal preconditioning.

Modmor II GraphLte/Na mco 5206

A general reduction in the tensile, compijssive and in-

plane shear strengths with increasing temperature was demonstrated

for the Modmor II Graphite/Narmco 5206 composites (except for the

0/45/135/0/9"0. laminates). The elastic moduli of the 00 orienta- 3s

tion remained relatively unaffected although the tensile modulus

inerpanod qljjhrjv Wtth tnep*'.A 4 ng ten.prat,,- ,,p to -aQtp* m.

shear modulus and the tensile and compressive moduli of the 90'

composites decreased with increasing temperature. The [0/45/135/

0/90j tensile modulus also increased with temperature. Residuals

stresses are suspect in this behavior.

vi
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Stcady state humidity conditioning affected the moduli

Df the Mldmor [I graphite!Narmco 5206 system the least of the

three resin matrix composites studied. The strengths of this

system decreased below the values of the baseline strengths

partic :larly at elevated temperatures (up tc 35%.). The excep-

tion to this behavior was the 0' tensile strtngth which showed

some improvement (about 20(0 with prior steady -tate hLunidity

conditioning.

The thermo-humidity cycle conditioning influenced the

static behavior in a manner similar to that produced lvy steady

state conditioning except that the effects were worse at higher

temperaturcs (up to 25;. dugradat in). The greatest effects on

modulus and strength were observed for the cu~ibincd humidity aaid

ultraviolet conditioning particularly at room tumperature.

The thermo-humidity cycle degraded the fatigue behavior

of the 90 * Modmor II Graphite/Narmco 5206 more substantially at

the higher cyclic levels, thus shifting the S-N curves downward

and rotating the curve about tht. low cycle levels. Tht acce I -

erated weathering had tne least effect on the fatigue S-N curves

(less than 10%/). Steady state humidity conditioning degraded the

fatigue behavior as well.

The stress rupture characteristics of Modmor 1 (;raphite/

Narmco 5206 were benefited by steady state and cyclic humidity

The static response of Modmor II GraphiLe/Narmco 5206 to

steady state and cyclic thermal conditioning was quite similar

to that shown for AVCO 5505/Boron. The interlaminar shear

strengths decreased for humidity conditioning but were unaffected

by either steady state or cyclic thermal conditioniag. The

vii
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fatigue behavior of Modmor II Graphite/Narmco 5206 was improvcd

with prior steady state thermal exposure. Cyclic thermal ex-

posure, on the other hand degraded the fatigue behavior but

appeared to be highly dependent on cyclic levels. The stress-

rupture behavior was not affected substantially by either steady

state or cyclic thermal conditioning.

Cnjrtaulds HMS Graphite/Hercules 3002M

The baseline static tensile strengths of all three orien-

tations oi Courtaulds HMS Graphite/Hercules 3002M composites in-

creased with increasing test temperature by approximately ?0".

The presence of degradatorv residual stresses derived in the

cure process becomes a suspect in this behavior. The 0' tensile

modulus of tnis composite increased by 10/'. up to 350'F. The

compressive and shear moduli exhibited mixed behavior over tLhe

temperature rangt. The baseline 90' moduli decreased by l0),,

with temperature. The LO/45/135/0/9"O. moduli showed a straight5

increase of 20"ý in tension and a compressive decrease of 20/,.

Steady state humidity conditioning caused a decrease ot

15*, in Courtaulds HMS Graphite/Hercules 3002M composite static

strengths except in the case of the 0* tensile strengths which

improved by 20ý. The moduli of this composite was the most

affected by steady state humidity conditioning (up to 5OX for

in-plane shear). The thermo-humidity cycle affected the strengths

of this composite greatest at. elevated temperatures (the 90*

strength loss was 75%/). The combined effects of humidity and

ultraviolet light on static strengths were greatest at room

temperature. Accelerated weathering also affected the elastic

moduli of this composite.

The fatigue performance of Courtaulds HMS Graphite/

Hercules 3002M was degraded by steady state humidity conditioning

viii
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at high test temperatures and enhanced at room temperature.

Again as in the case of the other resin matrix composites, the.

thermo-humidity cycle had substantial effects on the S-N behavior

of thig composite, while the accelerated weathering cycle had the

least effect.

Also, the effect of steady state aRId cyclic humidity con-

ditioning on the stress-rupture properties of Courtaulds HMS

Graphite/Hercules 3002M composites was beneficial as in the case

of the other two resin matrix composites.

The strengths and moduli of Courtaulds HMS Graphite/

Hercules 3002M composites increased by 107% with steady state

thermal conditioning, while th- cyclic thermal conditioning

decreased the static properties by up to 207. in the case of

compression. The interlaminar shear strengths were unaffected

by either steady state or cyclic thermal conditioning.

The fatigue behavior was degraded by 107. steAdy state

and cvclic thermal conditioning. The creep and stress-rupture

were "ffected only slightly by both steady state ana cyclic

thermal exposure.

6061 Aluminum/Boron

The steady state thermal exposure rýJuced the 0* tensile

strength of 6061 Aluminum/Boron by up to 207. while cyclic ex-

posure to the same temperature reduced the tensile strengths by

aubui 25%/. The corresponding 0 compressive strengths were

approximately the same as those of the tensile strengths when

compared on total ,xposure ti,•ie basis. The 900 tensile and

compressive strengths were also reduced (by as much as 35°/.)

for similar exposure periods.
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Elevated temperatures reduced the tensile, compressive

and fully reversed fatigue behavior of 6061 Aluminum/Boron com-

posites, but not severely except in the case of the 900 orienta-

tion where up to 507% of the fatigue strengths were lost.

6AI-4V Titanium/BorSiC

Reductions in the 00 tensile strength of 6A1-4V titanium/

BorSiC were approximately 10% for steady state and cyclic thermal

exposures. Th- corresponding compressive strength losses jere

approximately 10 tc 20%, the highest losses occurring at the

highest test temperatures. The transverse or 90* tensile

strengths degraded up to 50% for steady state and 60Z for prior

cyclic thermal exposures.

Corresionding compressive strengths losses were of the

order of 10 to 15"".

General

Some geiieral commentary on the resin matrix coriposite

behavior is also in order.

The moisture weight gain for all three composites depended

only on tL, total time of high humidity exposure and was not

affected by the intervening high or lo%, temperatur, s, drying

periods rr U.V. exposures.

Thf, thermal expansion charaLteristics of the resin matrix

composites are depende'tt on the presence of absorbed moisture in

the resin.

i i i i
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SECTION I

1 1.0 INTRODUCTION

The objective of this program was to generate basic

information on the effect of various environmental variables

on the physical, thermal and mechanical properties of advanced

composites suitable for application to primary aircraft com-

ponents. The program encompassed the following tasks:

1.0 Generation of Physical, Thermal and Mechanical
0 Properties of Boron/Epoxy and Graphite/Epoxy composites

(Resin Matrix Studies).

The evalustion of the resin matrix materials was

0 further su!iivided into the following activities:

1.1 material procurement

1.2 laminate fabrication

9 1.3 quality assurance testing

1.4 baseline data establishment in the

following specific areas:

1.4.1 tension

1.4.2 compression

1.4.3) ik pltiae shear

1.4.4 interlaminar shear

* 1.4.5 flexural tests

1 .4,6 fatigue

1.4.7 - and -0 sress. riint, irp

1.4.8 thermo-physical properties thermal

expansion, thermal conductivity

1.4.9 density



1.5 exposure of samples to elevated humidity

environments

1.6 exposure of samples to elevated temperature

environments

1.7 data generation on the samples exposed to

items 1.5 and 1.6 and tested similar to

irerr., 1.4.1 through 1.4.8

1.8 selective testing of coated samples

analysis, correlation of data and

reporting activities.

2.0 Generation of similar data for Boron/Aluminum and

BorSiC/Titai Lu Composites (Metal Matrix Studies).

The evaluation of the metal matrix composites followed

týe same gerirai process except that the effect of

-1yidity exposure was not examiined.

"c •line of the entire program is presented in Tables

I th-( .Jh !V. Tables I through III show the overall resin

mn.Z. ý .1iar-rial programs that include baseline tests consisting

of unexposed specimens, humidity exposure tests and thermal

exposure tests. Table IV shows the metal matrix material pro-

gram including both baseline and thermal exposure tests.

2I
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SECTION II

2.0 TECHNICAL DISCUSSION

2.1 Resin Matrix Studies

2. .1 Materials

Advanced composite materials have been under intensive

development because of their promise for aircraft structural

weight savings, improved capability and potential lower cost

compared to conventional structural materials such as aluminum,

steel and titanium. The advanced composite materials possess

a high strength-to-weight and stiffness-to-weight ratios. 0

Three resin matrix material systems were selected for

study in this portion of the program.

The borontepoxy system selected was the AVCO 5505/Boron 0

prepreg material. This system was extensively characterized

at room temperature and at several elevated temperatures.

I However, little or no data existed for the effect on the 0
material properties of long-term aging in high humidity and

elevated temperature environments. This program included

several conditioning environments which will be of interest

to designers with boron/epoxy components as flying hardware.

In the time intervening between the purchase of the

AVCO 5505/Boron prepreg for use on this prog-am and the com-

pletion ot this report, the prepreg material was substantially

upgraded in average tensile strength. Therefore the values
for the AVCO 5505/Rnr n -epas-tes are .a.. e...t 'owe thanS. ....... .... ~. 1 .11 .. -- • We,= Ja ow t a

can be expected from the newer materials, however, the degrada- r

tion of the material as a percentage of the ]i•_!rnt- rtrcngth !

will be of value to the designer. In the text, the AVCO 5505/

Boron composite summary curves are shown as percentages of

the baseline room temperature values.

8
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I
Two graphite/epoxy systems were a so selected: I

1) Modmor Il/Graphite Narmco 5206 (a high strength system), and

2) Courtaulds HMS Craphite/Hercules 3002M system (a high-modulus

system, a stiffness of 25 x 106 psi).

The raw material was supplied in the three-inch wide

tape form for all three systems.

The specifications, to which the systems were ordered

and fabricated, were:

1) For boron/AVCO 5505 system: General Dynamics specification

F.M S.-2001A "Advanced Composite Materials Specifications."

The specific type aterial was Type iI "Heat Resistant to 420 0 F.

AVCO 5505 has qualitied under this specification.

2) For Narmco 5206/Modmor II graphite system: McDonnell

Do 'glas Corporation specification DMS-1936B and all amendments

i '>pe Unidirectional High Modulus Graphite Filament" was em-

ployed. The specific type of intereti was Type 1 - Continuous

filament tape of specified width Class 2 (33 x 106 psi modulus

filaments and 195,000 laminate U.T.S.). The Modmor IK/Narmco

5206 system has been qualified by McDonnell Corporation under

class 2. 3) For Hercules 3002M/Courtaulds HMS graphite:

McDonnell Douglas Corporation Specification MMS 546, "Type III

Graphite/Epoxy Prepreg Material," and IITRI Specification 0316,

"Type HMS Graphite/Epoxy Prepreg Material."

Copies of the three specifications were presented in

the Annual Report (AFML.-TR-72-205, Part I) ar4 are not repeated

here.

2.1,2 Material Procurement, Quality Assurance, ard Processing

The following quantities of prepreg tape wt e ordered

and received for use on this program: -

9
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AVCO 5505/Boron - 45 lbs.

Modulite 5206 Type II Modmor II/

Narmco 5206 Graphite - 38 lbs.

Hercules 3002M/Courtaulds HMS

Graphite - 55 lbs.

The incoming materials were checked for quality assurance in

accordance with the specifications listed in section 2.1.1 of

this report. The quality assurance requirements and quality

certification reports were presented in AFML TR-72-205, Part I

and are not repeated here. A suamry of the quality assurance

test results are shown in Table V.

Note that the elevated temperature 0* tensile strengths

of the Courtaulds HIS Graphite/Hercules 3002M are higher than

the room temperature tensile strengths. It is common to this

particular system. A more detailed study of this phenomenom

is made later in thv discussion of the program results.

2.1.3 Fabrication of Laminates

The resin matrix laminates were fabricated using an

autoclave to provide the pressure and temperature cycle required.

The autoclave, with internal dimensions of 5'3" in

length and 1'8" in diameter provide for the fabrication of

either one large plate or several smaller plates simultaneously.

The movement of the aluminum heating plate into and out of the

autoclavv was facilitated by a trolley. The autoclave itself is

10
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permanently mounted on a steel frame. The heat cycle (maximum

capacity 550'F) was automatically controlled. There was a

provision for two separate vacuum systems that were used at the

same time for fabricating two plates simultaneously. Air

pressure up to 100 psi was obtained directly from the air line

in the fabrication laboratory.

The preliminary layup procedures followed were developed

for the autoclave process. (For the purposes of description in

this section, a laminate will mean any composite of several

layers of fibers, although the fiber may all be in the same

direction.) The tape was first removed from the freezer storage

area but was not unwrapped until it had reached ambient conditions.

This was done to prevent moisture condensation on the tape surface.

The tape was cut to required lengths using a conventional paper

cutter and was stacked to the appropriate orientation. (The

AVCO 5505/boron laminates required an additional layer of plain

woven fiberglass scrim-cloth placed over the entire laminate.)

After all plies had been stacked the plate was ready for cure,

if convenient, or storage. (Green uncured laminates were sealed

in a Mylar bag and sto-fd In a freezer prior to cure if a delay

was encountered.)

A stainless steel caul plate, approximately three Iniches

longer and wider than the boron laminate, was used during t-h,

curiny, pro es-s, A sl.iieL uf TX- 104i ;separator sheet ol the sain-e

size as the boron laminate, wn.s; pl :-ed directly on the sLainlLiS.

steel plate. Next the green laminate dnd a second separator

sheet was added. The aggregate way, covered with fiberglass

bleeder cloth which was also trimmed to the size Of the green

laminate. A chioroprene dam consisting of 3/8 inch wide strips of

chloroprene was placed around t-he aggregate. A Mylar pirforaLvd
Zh..f._ _ ... .•-r. -. h-ct of Io, fir-h ,rg1iass cloth ',.iýs thea

placed on top this stack. The complete package was then placed

'21
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on the heater plate in a v4cuum bag. Before the cure cycle was

initiatud, full vacuum was applied tc the package, any leaks

"v re corrected, and a check w; made to insure that there were

no wrinkles on the laminate.

i P The cure cycles and postcure used for the three material

systems were described in AFML TR-72-205, Part I. Following

the cure the individual platea went to specimen cutting, tab•ing

or environmental conditioning processes as appropriate. Indivi-

dual specimens were inspected visuaily for flaws and delamina-

tions. Composite 0--sities and fiber and resin volume percentages

were determined as escribed in AFML TR-72-205, Part 1. The

k• * data for individual laminates are presented In Tables VI through

VIII.

The densities shown in Tables VI through V1I1 were deter-

* mined using the gravimetric process. The values for the densities

of the fibers and matrices were obtained from the tape suppliers.

No void contents are shown in Tables VI through VIII. This does

not imply chat the comuposites were void-free but of low voids.

Several inherent inaccuruites are present in resin dissolution

methods currently available thus lead!ng to void contents with

t rrors of 00%o or ,ri,-ater.

2.1.4 ConditioninL TreatmenLt

The various conditioning treatme:ts, to which the com-

posite material.s were exposed are described in this section.

The equipment and procedures followed in the accomplishment of

these conditioning treatments are found in AFML TR-72-205,

Part I and are not repeated here.

~ - -~i÷



TABLE V I

VOLUIMMIC MEAJSURES OF FIBER AND 1*TRLX CONErNTS

IN BOMN/AVCO 5505 COW4SITES

Fiber No. of Specimen fpecimen Specimen Denstry of Fiber Resin FIbergla&s
Orientation Plies Number Le.ngth Wldtb Composite Volume Volume Volume *

(in.) (in.) go/cc (Percent) (feremat) (Percent)

0"6 1-1005 L.018 0.972 2.000 49.87 43.77 6.36
N-1007 2.000 0.250 2.001 49.96 43.70 6.34

N-1008 2.000 0.250 2.013 50.75 42.89 6.36
N-1009 2.000 0.250 1.996 49.41 44.08 6.51

N-1011 2.000 0.250 1.992 49.25 44.34 6.41

N-1012 2.000 0.250 1.995 50.00 44.08 .. 92

AVERAGE 2.000 4Q.81 43.61 6.32

90' R N-100? 2.050 0.441 1.930 48.60 45.25 6.15

N-101 2.000 0.250 1.'60 47.26 46.77 5.97
-1i014 2.000 0.250 1.962 47.36 46.58 6.06

%-1015 2.000 0.250 1.961 47.31 46.77 5.92
N-10L7 2.000 0.250 1.959 47.11 46.82 6.07

N-1I18 2.0oo 0.250 1.985 48.70 45.20 6.10

',REAGE 1.968 47.72 46.23 6.05

2.000 0.222 2.010 50.44 42.98 6.58

%-1023 2.000 0.250 1.979 48.43 45.45 6.12

N-1024 2.000 0.250 1.992 49.31 44.50 6.1'.
N-1025 2.00c 0.250 1.993 49.41 44.36 6.23
N;-1026 2.000 0.250 1.992 49.39 44.44 6.17

AVERAGE 1.993 49.40 44.35 6.25

!0,115/135/0/90, 9 .- 1027 1.553 0.561 1.980 48,74 45.23 6.03
.- 1028 2.000 0.250 1.979 48.71 45.36 5.93
N-1029 2.000 0.250 1.959 47.14 46.89 5.97
N-1030 2.000 0.250 1.978 48.60 45.50 5.90
N-1031 2.000 0.250 1.966 47.75 46.40 5.85
N-1032 2.000 0.250 1.985 49.00 44.91 6.09
N-1033 2.000 0.250 1.996 49.71 44.15 6.14
N-1034 2.000 0. 250 1.96S 4b. O 4A. 18 6.iz

N-1034 2..000 0.250 1.972 47.55 '16.48 5 97
N-1036 2.000 0.250 1.973 48.19 45.8 5.99
N-WUl1 2.u00 U.25U '969 47.77 46 fit 6.15
,•-1038 2.000 0.250 1.973 41.93 45.%6 6.21

N-1040 2.000 0.250 1.967 47.36 46.33 6.31

N-1041 2.000 0 250 1.9-5 47.44 46.35 6.21
N-1042 2.000 r,.250 1.964 47.65 .... 51 5.84

AVFRArr 1.974 4R1.1, 45'.O 6,05

* of carrier glaze scrim cloth
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Table VII

VOLU1ITRIC NEASUE.US OF FLUER AND MATRIX CONTENTS

IN I•OIDIMO II GMAIHITE/NARNCO 5206 COKPOSITES

Density of Fiber Resin
Fiber Wo. of Specimen Composite Volume Volume

Oritntation Plies Number (Sm/cc) (percent) (percent)

0. 6 M1105 1.491 53.15 46.85

141106 1.521 60.46 39.54

1M1107 1.515 58.81 41.19

K1108 1.517 58.79 41.21

141109 1.493 54.21 45.79

MI1110 1.481 51.70 48.30

141ll1 1.496 54.48 45.52

141112 1.485 51.45 48.55

AVERAGE 1.499 55.38 44.62

15 M1101 1.513 58.09 41.91

10 y1147 1.503 55.97 44.03

8 M1102 1.516 58.72 41.28

Milo)1 1.474 49.80 50.20

M1104 1.5ul 55.55 44.45

MI1113 j.473 61.03 38.97

m'i114 j.504 *i5.13 44.87

1M1115 1.46/ 47.27 52.73

M4, 11116 1.479 50.74 49.26

1m1117 1.51f 58.71 41.29

14111$ I.S04 56.57 43.43

m 11120 1.486 51.84 48.16

AV ERAGE 1.492 54.54 45.46

S+ 45, 8 M1122 1.490 53.47 46.53

M1123 1.496 54.55 45.45

M112. !.475 49.84 50.16

141125 1.484 52.04 47.96

w41126 1.488 52.72 47.22

AVERAGE 1.486 52.53 47.47

0i/45/13',/0/9o/ . 9 m1127 1.479 50.76, 49.24

' 112b 1.413 49.b4 50.36

""41129 1..471 49.22 50.78

M 1130 I 40i 51.28 4".7?

M1131 I.465 5Z.11 47.89

M1 13' 1.480 51.14 48.86

MI 11 1.46', 47.92 52.08

m1134 1.47' 49.52 50.48

m11135 1.497 54.25 45.75

l1136 1.505 56,41) 43.51

MII/ 1.4' 52.95 41.05

M1138 1.4814 48.68 51.32

M14139 1.48h1 52.83 47.17

M1140 1.479 50 82 44.18

M1141 1.49H8 ,4.87 65. 11

rI 1t2 1.477 50.41 149). )9

M1146 147? 1,14 '6 50.64

AV r KA0, I.fll 51.30 4 . 70
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Tuble VIII

VOLUIETiIC MEASURES OF FIBER AND MATý, ) CONTENTS

IN HERCULES 3002M/COUR'lfUIDS HMS GRAPHIrE COMPOSITES

De.nsity of Fiber Resin

No, of Specimen Comipolite VIume Volume

Orl nra7on P l I vs Number (gn/cc) (riercent) (percent)

•:6 r.1205 1. 593 49.72 50.28

C1206 1.568 45.73 54.27

C1207 1.585 48.44 51.56

C1208 1.573 46.50 53.50

C1209 1.605 '51.61 48.39

C I " L0 I.
5 9  

4,..07 50.93

C1211 1.574 46.72 53.28

C1212 1.567 45.58 54.42

AVERAGE 1. 47.92 52.08

14,1.7 51.91 48.09

•(8 (1 '02 1.57b 4 i. 1', 52.66

I -. It 13 b~l •' .95 49, 05

t ~ ~ 1.0 . ',,6-1) l 54.10

(121 .55, J. 4 3. 1 56.65

F'1 ,1.•.4 47.63 52.37

(.1?15 l.',12 46.17 53.63

b. )h6I '• 9 3 50.b2

'17 H .85 50.15

C1218 I.584 48.25 51.75

(:1 1• 1.5(9 45.8m 54.12

AVFRAG- l.579 41.49 52.51

+ •8 (:12?2 .613 5286 47.14

C 1223 .589 49.06 50.94
(122 1.573 46.43 53.57

U7( l74 8.'H4 48.26 51.74

C1226 7 _ .7.H1 5?2.69

AVERCF 15H7 8.7851.22

Q 56(1 44.0h 50.q4

C1227 1.599 48.10 51.90

C1ý28 1.579 437.46 52.54

12 1(1 L.'1)0 42.85 57.15

(.I;"I4 H. A 1( 51.90

(1.3" 1.539 41.1' 56.H9

1•l2 J 3 1 h 4. 5W) 44 ., 4)

12.12 1' )5 I 4H.80 51.14

C121 if .552 43.26 56.80

(.12 19',0 4 .8,4 60.15
S1,';;;[ ' J)0 42.617 .1

1I219 1 56ih 45.J/ 54.b 3

tý 124o 44 ,, .4.4 ') ',J

C I /. I 1 ,7 & b5" I

c,12A' I W, 43.66 56.34

cL 12,, 1 . 510 4t, o4 53.96

AAVERAGE }.561 45.'1 54.89

(6



In addition, a comparison base of data was obtained

* against which the effects of these various conditioning treat-

ments might be measured. The extent of this baseline data

progrim was described in Section 1, Table I. The individual

baseline data for the three resin matrix systems are found in0

Appendices I through III.

2.1.4.1 Steady State Humidity Conditioning

The steady Atate humidity conditioning of specimens

includes 500 and 1000 hr. (3 weeks and 6 weeks) exposure to

98% + 27. relative humidity and 120°F (see Table II). This

exposure is the same as that recomnended by Mil Handbook 17.

* The specimens which were subjected to humidity exposure

were prepared as follows:

1) All specimens were finish machined and the appro-

* priate room temperature or elevated temperature

tabs were bonded prior to initiation of the pre-

conditioning treatment. For elevated temperature

tests subject to prior humidity exposure the tab

adhesive was Metalbond 329. For room temperature

tests subject to prior humidity conditioning the

adhesive was FM 1000.

2) All specimens for static and creep tests were

instrumented (as required) with electrical

resistance foil strain gages. The gages were

protected with M-cnat resin coating taking care

to cov-r a minimum area.

3) The edges of the samples were not protected stnce

protection could not be guaranteed to bc only to

the edges and not to the surfaces of specimen.
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4) The samples were individually weighed prior to

insertion in the chamber.

5) Each sample was arranged in the chamber to permit

maximum exposure to the moisture-laden air as it

flowed from the inlet orificc to the chamber.

These steps were followed to permit rapid testing of the

samples after removal from the chamber. Upon removal from the

chamber, the specimens were reweighed, wires were attached to

the strain gages and the specimens were tested within 8 h urs

of removal from the chamber. For certain long term fatigue and

creep tests, where the tests were held up for a longer time due

to machine unavailability, the samples were sealed in a protec-

tive vinyl, moisture proof container. These samples were then

reweighed, prior to testing, to detenmine If moisture loss had

occurred.

2.1.4.2 Cyclic Humidity Conditioning

2.1.4.2.1 Thermo-lumid i t), Cyclc

"Table II listed two cyclic humidity conditioning exposures

for re- i n inatri x Compos0 tes. The filrst humidity cycle was the

Thermo-Humidity cycle selected from a review of previous aero-

space practices. The Wi.bber Environmental Chamber was again

u~-d ii d•uel Isuwuidiuy cai~psti t'

The details of the T'Pe.rmo-llumi(lit y c-',cI. employed are:

(1) The total time period for the cycle was 500 hours. (2)

)uring tlhis period the specimenes were placod in rho ,,uviron-

mnrtal chLnb-cr and c--,•,,d to L r-,!ativc h-limidity of )')' 2Z

at 1l20' _+ 5'F" except for one and one hal f- hour -ach work day

of the wec'k when they were t. ;ikC. out and subjeitoted to thermal

shock. (-3) This shock treatment consistedi oi exposing tihe

18
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W

r specimens for one hour at -65 0 F in a cold chamber followed by
0 ana exposure of one half hour at 250 0 F in an oven. (4) During

The weekend the specimens remained in the environmental chamber

continuously exposed to the humidity conditions mentioned above.

6 DThe frost conditions on the samples after exposure to

-65*F were noted and some sample delaminatioins occurred after

removal from the 250"F portion of the cycle.

All appropriate specimens were strain gaged in the sameI. manner as the steady-state exposure and were wired after exposure
prior to testing. The test specimens were made ready for test-

[ ing within eight hours after removal from the test chamber as

St was done for the steady state h'unidity conditioning exposures.

2.1.4.2.2 Accelerated Weathering Humidity Cycle

The second humidity cycle was an aLcelerated weathering

cycle. An Atlas Twin ARC Weatherometer, Type D as specified in

ASTM G23-69 was employed for these tests. All panels and/or

specimens were exposed in the weatherometer to the following

operation schedule. The recommended practice for this equip-

Ssment was as descr!bed in ASTM D1499-64 and ASTh G23-69. The

apparatus was operated 5 days per week, and each 2-hour cycle

of operation wag divided into periods, during which the panels

and specimens were exposed 102 miiuLes to light without water

and 18 minutes of light with water spray. The test specimens

r'cmained undisturbed during the renainiuig 2 days ot the week.

The exposure procedures followed were as follows:

The black panel thermometer unit was placed In the test

panel rack and with the light on and the water off, the thermo-

reguiator was set so tnat nhe re|nperature o0 the therntometer

read 145' + 5°F., when the.+ thermometer was at the point where

the maximum heat was produced as the panel I rack revolv,Qd around

the light.

1I



The water supply was adjusted so that the pressure of the

water at the spray nozzle was between 12 and 1.5 pounds per

square inch so that the water struck the specimens in a fine

spray in sufficient volume to wet the entire surface of the

specimens upon tmpact.

New carbons and clean filters were installed in the light

assembly and the weatherometer was started. At the end of the

burning period, the old carbons were removed and the decomposition

ash was cleaned from the carbon holders and other parts of the

light assembly, and the filters were washed with detergent and

water. The position of the test panels and specimens were trans-

posed to provide a uniform distribution of light in a vertical

plane ,ver the entire surface of the test specimens. New carbons

were installed, the filters were replaced and the weatherometer

restarted. These operations were repeated after each burning

period of the light until the test specimens were exposed for a

time period of 500 hours including weekend rest periods. (This

resulted in a 360 hour active exposure time plus 140 hours of

rest periods.)

2.1.4.3 Steady State Thermal Conditioning

For steady state thermal exp, sure conditioning

con'-entional circulating air ovens were used to obtain exposures

at 260'F for time periods of 100 and 500 hrs. The samples were

arranged to get uniform distribution of mir circulation

over the specimens without localized hot spots.

2.1.44 Cyclic Thermal Conditioning

Thermal cycles from W0OOF to 260°F to 100°F and from 100"F

to 350'F to 100°F were adopteu for u-ycltc thermal conditioning.

Exposure of tes samples for both 500 rycl.'- ;in oo 1000 C"l~i •-crc

undertaken. A cyclic rate of one cycle per hour was established.

2.1.5 Testing Specimetis and Test Procedures

cedures utilized for generating the O-ita during this program.

20
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A detailed description of the test specimens, specimen fabrica-

tion procedures and test equipment is found in Appendix II of

AFML TR-72-205, Part I.

2.1.5.1 Tensile, Fatigue and Creep Specimens

The' s.'me specimen conftiuration was utilized for tension,

fatigue (R - 0.1) and tensile creep tests. In addition in

plane shear properties were determined using a + 450 tensile

test. The IITRI straight-sided tab ended coupon was utilized

for these properties. After environmental conditioning, each

static tensile specimen was fitted with three electrical-

resistance foil strain gages.

2.1.5.2 Compression Testing

Two types of specimens were employed for compressive test-

ing. The first was the sandwich beam compression specimen

which was utilized only in the generation of baseline data. The

second specimen was a coupon specimen commonly known as the

Celanese specimen which is an adaptation of the IITRI tensile

coupon with longer tabs, reduced gage section and a qarrower

width. The coupon test tixture was the 1ITRI compression coupon

test fixture.

(All comparative performance results are shown using the

coupon test data for the baseline and conditioned curves).

2.1.5.3 Flexural and Interlaminnar Shear Tests

The specimens used for all flexural testing was

the fifteen ply, coupon universally used for testing advanced

composites. Specimens were loaded in a 3 or 4-point bending

fixture. Elevated temperature tests were conduct d in a Missimer

circulating air oven and loads were applied in tension to a
Flexural test rih,.

The maximum Interlaminar shear stl-eig•ti of oriented fiber

composites was determined on short beam shear specimens. j
211
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Elevated temperature tests were performed with the assistance

of the fixture described above.

2.1.5.4 7.n-Plane Shear Properties

The in-plane shear stress-strain curve was determined

from a + 45' angle ply laminate tested in uniaxial tension

supplemented with dara from the O and 90* tests, and the

incrementation of the + 45* tensile stress strain curve.

2.1.5.5 Fatigue Tests

The fatigue tefts (R - 0.1) were performed at a cyclic

rate of 1800 rpm, evvpln./ng -. r*'-n -1c weight mechanical dyaith-

load applicacors.

2.1.5.6 Creep and Stress Rupture Tests

The creep equipment consisted of 32 tensile stands located

on a vibration-free floor. Each stand was provided with a set of

tensile grips enclosed in individually controlled ovens. The

ovens are capable of achieving specimen temperatures of up to

800"F. A jig was used to align and grip the specimens prior to
installation on the creep stands. For the creep stands employed,

the load multiplication i'actor was 10:1.

The linear expansion was measured by an automatic record-

ing dilatometer similar to that described in ASTh Designation:

C337-57. The dilatoneter used had an accuracy of more than 99% -1

and a reproducibility within + 27.
Thera! cnducivCy me-11,_reme-tra were rnati timn I n rh,,

steady state longitudinal heat flow technique. The sample con-

bisted on ten 3/64 x 1/2 x 2-inch laminates sandwiched together . i
to form a 1/2 Y 1/2 x 2-inch conductivity specimen. Data are

obtained from ambient room temperature to 350 0 F in air fi,r three*

specimens in each of three laminate orientations. Dels it ies of

the laiinates were determin ed by LhU gravim t ric muetthod.

• 1 I



2.1.6 Static Properties

2.1.6.1 Baseline Data

The static baseline data are found sumarized in Appendices

I through III including average stress strain curves in tension

compression, and shear for 0, 90" and [0/45/135/0/9013a laminates.

* The data were obtained from strain gages and were reduced and

plotted using computer plotting routines. To average the values

of stress and strain obtained from three tests conducted at a

given temperature, a program (least squares) to fit a curve to

the data was used as a sub-routine to the plotting prograua.

2.1.6.2 Effects of Humidity Conditioning

The steady state exposure of the three resin matrix com-

posite materials to 987. relative humidity resulted in moisture

pickup by the exposeJ uncoated samples. Fig. 1 shows the moist-

ure pickup versus time for AVCO 5505/Boron. This figure is an

0 aggregate of moisture pickup for three orientations three thick-

nesses (ply thickness) and Lwo widths of sample so that the ratio

of surface area to volume of the samples varies over a substan-

tial range and the ratio of exposed fiber ends to surface area

also varies.

Figures 2 and 3 also present the moisture pickup versus

time for tie Modmor II/Narmco 5206 Composi.te and the Courtaulds

0 HMS Graphite/Hercules 3002M epoxy cmposites respectively. The

moisture pickups are presented as a percentage of the original

weight of the. specim....In l.4 t-4r O 9ksa. OAina For the four

0 different humidity environments account was taken of the various

orientations, specimens sizes etc. (see legend on each figure).

Thus while the surface area to volume ratio for a nine ply

LO/45/135/0/9-0]s laminate may remain virtually the sume e*i a six

SI Z
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laminate provide move potential entry paths for moisture to enter

the specimen.

Groups of specimens of a given type were inserted at

various times into the humidity chamber on their appropriate

Sschedules. Therefore several different points appear at Ihe

same total exposure time. Each point rt:presPnts an rierage of

from 10 to 20 specimens of the type indicated. Thus the varia-

bility of moisture pickup from group to group can be obtained

from Figs. I - 3 as well. Figs. I and 2 do not show any 1000

hour steady-state moisture pick, ps. This data was not obtained.

The results for the Thermo-Humidity Cycle and the accel-

* erated weathering cyles show marked differences between speci-

men orientation. By examining the AVCO 5505/Boron spread for

the Tnermno-Ilumidity cycle one sees that the 00 specimens percent-

* age weight gain falls to the lower side of the spread of data

while the 900 and 0O/45/135/0/. s specimens generally lie at

the to, if the spread of data (indicating higher moisture pickup

percentages). The same qualitative remarks apply to the accel-

erated weathering mc sture pickup data even though the mean and

spread of the accelerated weathering data are qmaller.

In general, the Thermo-Humidity cycle data corresponds

to approximately 500 hour f constant humidity exposure and the

accelerated weathering data corresponds with approximately 50 to

150 hours of constant humidity exposure (for AVCO 5505/Boron).Si~ghtly smallut- w.i..........ruoiedfo *he N rn'1 5....
Z11 FL Y :JIa JUWe.LIIXL giIIIIN WereU E-CU KUU (Iu 1.01: -ill} ivr1

Modmnr II Graphite than were recorded for 'he AVCO 5505/Boron
t./ [•uy~ tŽm. o r•?7 3t' * '~al1  'v_".. .. .. ly thu z'_ !ut 'n Li.' ; •t" _ib-ur_ uL• •

tation to moisture pickup remained the same. Similarly the

correspondence of the constant relative humidity to thc Therno-

tumidi ry cycle anid the accu.Ier;.t#ed weathen-ieg cycles relllaiied

the s,_fm•7
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The largest moisture pickups and greatest data spreads

were found in the Courtailds HMS Graphite/Hercules 3002M system.

Here the moisture pickup for the fhermo-Humidity cycle exceeded

the moisture pickup for constant humidity at 500 hours, correspond-

ing more closely with a constant humidity exposure of approximately

800 hours. Similarly, the accelerated weathering moisture pickup

was greate: but less than in the Thermo-Humidity cycle, and corre-

sponded to constant humidity exposures ranging from a couple of

hours up to 500 hours. The greatest number of data points fell

nearer the bottom of this range (at or near 75 hours exposure on

the constant humidity moisture pickup curve).

These correspondences with the constant humidity moisture

pickup curves were not surprising since, in fact, the total ex-

nosure time for the Thermoi-Humidity cycle to 98%/. RH at 120°F (the

constant humidity exposure) w.as 500 hours less than the 1-1/2

hotirs per day times 15 days or approximately 478 hours exposure.

Similarly the net exposure time for the accelerated weathering S

samples to high moisture was,

18
15 x (-L) x 12 periods - 54 hours of net exposure time to

moisture with 306 hours of light and heat plus 140 hours of in-

activity out of a total of 500 hours in the exposure cycle.

In summary the cyclic humidity conditioning treatment.

produce moisture gains approximately the same as that for the

net moisture exposure time during the constant humidity exposures.

The room temperature longitudinal tensile stress-strain

bfhavior of AVu 55uinoron composite material is shown in Fig. 4

after 500 and 1000 hours exposure to 98% RH. The transverse 4

tensile stress-strain behavior of AVCO 5505/Boron is shown in

Figs. 5 to 1 for room temperature, 260'F and 350'F respectively.

It is apparent from these curves that the effect of moisture is

28
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to generally reduce the strength (and ultimate strain) capabili-

*t ties ot the 90' composite. However, the stress-strain charac-

teristics, and particularly, the initial modulus, were not

radically altered by the exposure. The effect on cross-ply

laminates is shown in Figs. 8 and 9 where no significant changes

in strength or modulus are observed.

The in-plane shear behavior as affected by moisture is

shown in Fig. 10. Here there is a gradual loss in modulus, a

* slight reduction in strength and a slight gradual increase in

ultimate strain capability. This "oss in modulus is reflective

of a matrix and interface change and does not indicate a change

in fiber modulus.

The Thermo-Humidity cycle delaminated several of the

samples after a hundred hours of exposure. The back-to-back

high-low thermal changes were chiefly responsible. This effect

was most noticeable in the high-modulus graphite and seemed to

be least present for the boron/AVCO 5505 epoxy composites. This

effect is caused mo-e by the high differential thermal expansion

* present in the graphite/epoxy composites compared with that in

the boron/epoxy composites.

The grear.-s' damage was sustained by the Hercules 3002M/

* Courtaulds HMS Graphite system. Damage was noted in some of the

'i0/45/135/9O]• systems with delamination clear to the end of

L.IU ~�,iaplC. Where aAh damxage was datt•€cd, c thW ,auples were

tested and the delamination noted in the daLj cables in the

8)pendices to this report.

The Thermo-Humidity cycle is discussee in (1)*.

* Numbers in parenthesis refer to the References at the end

of this report.
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The accelerated weathering cycle contained a U.V. exposure

contribution which was not present in the other humidity cycles.

A great deal has been published on the correlation between

laboratory exposure times and field times, or on the relation-

ship between exposure duration in one area versus exposure dura-

tion in another area. The basic photodegradative process is

fairiv simply stated: the weathering mechanism is a process of

chemical change in which the ultraviolet radiation is the source

of the energy for these changes and the air and/or water provides

the oxygen etc. for the chemical change. The photodegradative

efficiency of the solar energy is inversely related to the wave-

length, the shorter or U.V. waveleni,ths causing the g;reatest

damage.

Accelerated weathering cyvcles are discnssed more exten-

sivelv in references (2) through ('13).

Several parametric crossplots illustrating the effect of

moisture pickup on the mechanical properties were prepared.

Figures 11 to 13 show the effects of moisture on strengths of

00, 900 and r0/45/135/0/9-O] laminates of AVCO 5505/Boron corn-

posite material. Figures 14 to 16 show the effects of moisture

oil the elastic moduli of these three compos.ites.

There is a gradual decay of the 0,u t:en,;inle strength of

OVCO 5505/Boron with temperature for the baseline data as shown

in Fig. 1-1. Similar effects are seen for the 0° compressive

and 0' shear strengths. With the e:.-ception oF the room tempera-

ture tensile strengths, Figs. Ila -c shov. that the strengths

generally decrease for 560 hours exposure tCo (,1%8"1 RH% with addi-

tional decrease after 1000 hours exposure. The rooCil tempera-

ture tensile strengths are probably too lo%. in Fig. iHa. The

cyclic humidity conditioning resulted in generallv.' greater
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strength reductions than did the steady state exposures. The

transverse strengths are shown in Fig. 12a - c. Again the cyclic

humidity exposures affected the tensile and compressive strengths

more than did the constant humidity exposures.

The laminate strengths are plotted in Fig. 13. The elevated

temperature compressive properties of the [0/45/135/0/Ts 8 lami-

a,• L- b 6v crly affected by both the steady state and cyclic

humidity exposures.

The 0* elastic moduli were not as substantially affected

by humidity environment (See Fig. 14) as were the 900 and lami-

nate elastic moduli (See Figs. 15 and 16 respectively). The

crossply laminate, [O/45/135/0/90]s, stiffnesses increased over

baseiine values as a result of the humidity conditioning. The

rate of stiffness decrease with temperature did not change for

the 0' and 900 composites as it altered for the laminates.

With regard to the compression strength plots it should

be noted that the coupon compressive values were used for these

comparisons as in all following comparisons.

Similarly cross plots were made for Modmor IT Graphite/

Narmco 5206 composites (Figs. 17 - 22) and Courtaulds HMS Graphite/

Hercules 3002M Composites (Fig. 23 - 28).

In several ways, the two graphite composites behaved

similarly. The 0* tensile strength for both Modmor II/Narmco

52 and Hercules 3002M/Courtaulds HMS Graphite Composites in-

creased over the baseline 0° strength at room temperature although

baseline strengths. The inplane shear strengths for the two

materials fell cloge to the baseline values over the entire

temperature range. Furthermore, the inplane shear strengths

44



I. 190

180

170
0

_ 160

150 BASELANE

140 -
0 100 200 300 400

00
160 El

10

U2U

- 10

Jel

-c

w o W

. 100 210 300 400

Temperature, d•oree•F1r~n~

Fig. 17 EFFECT OF HUMIDITY CONDITIONING ON THE

STRENG' IIS OF NARMCO 5206/M0DMOH I [ (;HA1iITITE
1 G 30 - -" 0 x 0 -

>5j



6.0 --

-~5.0-

"B"ASoELINE

S4.0- 0

S3.0-

-' 2.0

I-q

)100 200 100 4(,-
(U

25 U"

00 -4 :9O0 ON "

0

ý4 :3

(7--

*.• 15 A
0

,,4

F. 10

I) I 1() ) 1)'(( ,• t

frcniIp rat ur , D)vgrc,•.w 1'

Fig. 18 EFFECT OF HUHIDITIY CONrITIONING

ON lTHE STRENCI;TIS OF NAXMCO .5?0(/MliMHOR .1 1

( APIIITE COMPOSITES - 90"

46,



ILIN

1 90

70 '

to., 4

I c

60 I>

0100 200 300 400 .0:0

9 co• BASELINE

10 1 J 4I

'• 8.5 "-

c i• X 0

0 80 I

0 100 200 300 400

•1 Temperature, Degrees Fahrenheit

9 Fig. 19 EFFECT OF HUMIDITY CONDITIONING

ON THE STRENCTIHS OF NARMCO 5?O06/Mf•w40R !T
GRAPHITE COMPOSITES - [0'/45/135/0o/"qol

A.7



30

25

S. 20 Czrp 115

0 100 200 300 400 41 (

'-4.4
U~ U4

* . BASELINE

20 C

ti" o

S
"f.0.

15

0 100 200 300 400

0.8TI BASELIOFNER4Oi0/OHRI

WC

U d• -

... .. -2 , EFF. OF "i C - THE

20SI MDL OF NARMO 26M4kI
G APIr 00 -4i



1.4

00

p* to

0.6

, 0.8 --

S0.6

S0 100 200 300 400

'.44 ** 04t
1. .uI.

* 0~~.2 L

0 100 200 300 400

1.6oapvtttro', de;rn --s FahrenheiL -

Fig. 21 EFFECT OF HUKglDITY CONDITIONING ON THE

ELASTIC MODULI OF NARMCO 5206/MODMOR 11
GRAPHITE COMPOSITE - 900

49



12

A

"0

10
0.

X

"00 >r, a

-04 -

}-100 ?0) '300 '0 0 ý)£

-oo

0

o
,4

OS 10 -l

• 9 Q

0

S! 1 7I,

0 100 200 00 400

Temperature, Degrees i'

Fig. 22 EFFECT OF HUJMIDI'TY CONDITIONING ON THE
ELASTIC 'MOW61I OF NARMCO 520h /MODFIORI4 I GRAPH TTE
[0/45/135/0/1"

b,

50

0!

8Iv



140

F ~ 130

S120

t~110

~100 4

S90

80 - I
0 100 200 300 400

120 _ _ _ _ _ _ _ _ _ _ _

110 BASELINE 10 A 0
,. 

tf -4 A

t 100 00 13

9 
090

>

S80
cu

770

60 I I
0 100 200 300l 400

14

124
z• 10()BSI.N

S 6

0 100 200 )00 400

Temperature, degrees Fahrenheit

~ig i/ •F1') "'! ~OF HUMIDITY CONDI T IONING 0' THE STRFNGTHS OF

HERCU• . 3002M/COIJRTAUIJ)S HMS CR.APH!!. COMPOSLTLS

'1

'I ....... _ _ _ _



~~13

'II5D

w

S2 n

ca , I , K S

0 100 200 300 4 D1
35 , ... .. Ur, S'

- -4

35 a @0% v

CL 30 O 0 <03 8m

25 0 2 ASEL0030 40 0 u
4'4

~20 0 * 4 a

to 15

~10
0
u

0 100 200 300 400

Temperaturi, Degrees Fahrenheit

Fig. 24 EFFECTS OF HUMIDITY CONDITIONING
ON THE STRENGTHS OF HERCULES 3002M/
COIRTAUJLDS HNS GRAPHITE COMPOS TTES - 900

'I_ _ _ _ __ _ __ _ _



w

60

w 50
cn k.__.- BASE£LINE

,.-p4

S40

,0 60r- :x

m V
lu 50,- m

E 40

0 ~~~ 10 0 0 0

50*h

Temperature, D~egrees Fahrenheit

Fig. 25 EFFECTS OF HUMIDITY CONDITIONING

ON V•F STRF-vt7TVS OF 1J7Rr(!Fc n'"?N

COURTAULD" HM_• GRAPHITE C(OIPOSITUS
(0/45/1L35/0/•' s

53



30 . .. ;
3WELINE -

28

• 4 2 6 -

Sa0 €20 L 300

C

! •- 22-

20of 100 200 -300 400

-4
28 ,• 0o r,

0 .• cy% t4, '

a--- BASELINE "-l 01 oC) .•"

,=4 (A 14 -Q 26• $4 :
> :J 14

', 011024
wn W4

22 0 0 0 -

0.8
0.6*

x BASELINE

0O.4 0 2

0 100 200 300 400

Temperature, Degrees Fahrenheit

Fig. 26 EFFECTS OF HUMIDITY CONDITIONING 014 THE ELASTIC
MODULI OF HERCULES 3002 M/COURTAULDS HMh BRAPHITE
COMPOSITES - 00

54



1.4 I
, 1.2

o S

1.0 
_ _

-, BAS ELI -----
0.8

0.6
0 4

>. .

S0 If 200 300 400 • o

,1 .4

1.2 H-BASL-IN 0 N4 a

0
., 1.0

S0.6 _

.Z0.4

.,,, 2 'U. I
<;,uI I 1

0 100 200 300 4(10

'lemperat.ure, degrees I-ihreah,2it

i f4. 27 ý.FFIC:'L ý)F H )llINlilI'' CONDITTONINCG ON rHK EIASII("

---- I.- (-i I 'I . . (12 /-( U'-'"A I ., . (;l. '* 'l; Irl'|
(Ci ( ) ' S I"'ll l "I _.. 9€)



17

16

15

0o-d 0

S13

' 121 1- I4
0 100 200 300 400

II0-S
,~14

ou~ 66

S13

I., 941.4Z

c c' 8 12

i•) 1 O 2 O00 Oa 40

-~11 - AELN
" 00040

S10

S 9

8..

0100 200 300 400
Temnperature, degrees Fahrenh~eit

Fig. 28 EFFEC'7 OF HU,4lDJTY CONDITIONING ON THlL ELASTIC
IfA'"IUi 1 ! flk rryL Aul~Mr-rwio-r~mm NW uM'ZC rVPIJTTL

COMpC.•. ,rES 0/45/135!0/M1*a

56



a

dropped rapidly with temperature increaae. The 0* compressive

strengths for both materials fell below the baseline values at

room temperature but at elevated temperatures some of the con-

ditioning treatments resulted in slight increases In the compres-

sive strengths. Finally the laminate baseline tensile strengths

of both materials increased with increasing temperature. Thea
influence of he humidity conditioning on the laminate was to

increase the tensile strengths at room t-'perature, show tensiles

at 260'F fairly close to the baseline vatues and show a decrease

at 350°F. The tensile strengths of the laminates shoi ed an

increase in the rate of change with temperature as a result of

the humidity conditioning (See Figs. 19 and 25). This effect

was previously noted for AVCO 5505/Eoron (See Fig. 13) but much

less so than in the two graphite laminates. The 900 baseline

compressive strengths of both graphite materials were affected

by tennerature ,',c " _"•_ _ , - iviii tempera-

cure was higher as a result of prior humidity conditioning. The

compressive strengths of the two graphite/epoxy composites were

not influenced substantially by either temperature or prior

hutidity conditioning. The Modmor l1/Narmco 5206 Graphite

laminate was affected proportionat,-ly ltss than was the llerculei

3002M/Courtaulds INMS Graphite laminates.

The moduli of the two graphute composite systems are

shown in Figs. ?0 - ?? and Figs. 26 - '8 for the Modmor HI/

Narmco 5206 and the Hercules 30i02M/,Courtaulds tMS Graphite

increased with tempcratt'ru. The bastAin(: 0' compressive strength

of Modmor II Graphitr/Nak'mco 5'06 remained constant over the

temperature, range but the Helrcules h)02)M/(;iouttati ds INHS Graphite 51

0' compressive strength InLvr-asud with iiicruasing temperature.

The lbaseline inpL-a-, shear strre-gth O botlh ma•erlals decreased
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transverse nw lull and the laminate compressive baseline moduli

decreased with increasing temperatures. Similarly the baseline

tensile rooui: of the laminate, [O/45/135/0/TO] , increased

with increasing temperatures. Humidity conditioning did not

substantially change the 0* moduli of either material. The -

90' and f0/45/135/0/9-OS moduli were affected substantially by-s

the humidity conditioning. No real differences between steady

state and cyclic humidity conditioning were noted for the

graphites as they were in AVCO 5505/Boron as far as moduli

alterations were concerned.

In summary, the prior humidity conditioning affected

both unidirectional and laminate properties. In those cases

hherc low residual stresses were prvsent (as evidenced by a

monotonic decreasing strength versus temperature curve), the

presence of humidity conditioning generally decreased the

strengths. In those cases where substantial residual stresses

were present (as evidenced by a peaking or increasing strength

versus temperature curve), the humidity condiloning frequently

led to an increase in the strength of the composite. In addi-

rton it i u rvident that the amount of moi.turc absurbvd Loy tl.he

composites depends on the total time exposure to high moisture,

regardless of the intervening high tempcrature, low temperaLore,

dr--ying timc or U.V. exposure.

On the basis of the static humidity results the Thermo-

Humidity Cycle was selected for son, add!tinnal studis. A

limited test program was then initiated to ascertain the effect

that moisture protective coatings might have on the static

.... chanical properties of composites subjected to this high

humidity cycle.

1*r d



Accordingly, aerospace companies were contacted to

ascertain the most appropriate coatings for the composites. Air

Force Spec. Mil-C-83286 and MACDAC Spec. MMS-420 were utilized

to procure the coatings. A polyurethane coating was selected*.

This particular system required a four hour drying period at 77°F

and wa• fully cured in 7 days.

The coated samples were then statically tested. Table IX

presents a surmmary of the t,'st results. Unfortunately tape sup-

plies of the system affected the most by the Thermo-Humidity cycle

(namely Hercules 3002M/Courtaulds HMS Graphite) were exhausted

and new supplies were unavailable in time for the coating tests.

2.1.b.3 Effects of Thermal Conditioning

The exposure of the resih matrix composites to steady
* state temperature affected the composites differently depending '

on the material. The Avco 3505/Boron composites appear in

* general to:

1) increase in stiffness slightly (in fact the entire
stress-strain cuive shifts slightly to the left)

2) increase in -trength

3) have a slightly -educed ultimate strain capacity.

This hchavtor is i1llstrated in Figs. ?9 and 30 for the

laminae (90' tension and In-plane shear) which are most sensitive

to prolonged exposure to elevated Lt e•prattire. "'he steady-state

temperature exposure would appear to be acting as ai, additional
post curt, to tb-c AVq ' )i /Pq r,"n -onl,,-i '-a.ae . "i'h•1 lit'

behavior is shown in r'igs. 11 vid 32 tlid ,I)j)rdiS ý,ib I•' less

severe.

* Super lDesothanu, A product of i)c,q,)to, Inc.
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Prolonged exposure of Modmor II Graphite/Narmco 5206 epoxy16 lamina. (see Figs. 33 and 34)to elevated temperature acts as a

tvpical detrimental factor by decreasing transverse modulus, ulti-

mate transverse strength and ultimate transverse strain capal-ili-

ties of the lamina. The modulus reduction would appear to be

;;ti,.iitiiv confined to th eariy portion of the exposure since

nft.r 100 bours and 500 hours the two stress-strain curves are

coincident. However additional transverse strength and traws-

vtrse, strain capabilities were lost.

S',wvral parametric cross plots are available for the pur-

.. i ! ilu;;-,d: ig , ti-etLs (if sLeady-state thermal con-

diti•oning tin the static properties of the three resin matrix

comps i t, material:. Thus Figs. 315 - 40 present the effects ,'f

steady state conditioning on the tensile compressive and shear

-trvngth iand modtilIi of 0', q90 and ý0/45/135/8/9Oa AVCO 5505/
s

hloron conrposites. In Figs. 35 and 36 the tensile strength of

the 0" and compressive strengths of the 9QO and .0/45/135/0/70. S

laminates %howed a decrease after exposture to steady state

thermal oenditioning. Tht 0' compressIve strength, the in-plane

S;hear strength of th, 0' composites, the tensile strengths of

thl'e 90' and ,0/4r)/I3)5/0/q(). showed increases in strength

piart b'ulariv at the. ,vevated temperat tres. These latter streniths

are, mor, r,.,t s'ne;nitivu, than the formerr ,LecigLhs. The steady- I
state thermal conditioning nct- as an additfonal post-cure on
rh• re's~n rmatrl',

I

The elastic rtoduli of the n' AVCO 5505/Boron composites

we.reo increased slightly at the elevated temperatures (See Fiv.

38) as a result of the steady-state thermal conditioning. In

0 ;prizit•t , the steady-qtate thermal condif-ib•-.i rF--nA --A.-

versus to';t temperatures waore iiearly equal between the tenIonn

i

l,, (k--
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and compression modes (See Fig. 39). The tensile moduli of the

LO,/45/135/0/9-O)s laminates increased over the entire temperature

range as a r suit of prior thermal conditioning while the corre-

sponding compressive moduli decreased at the higher test temp-

eratures.

The effect of steady state thermal conditioning on the 0

strength of Narmco 5206/Modmor II graphite composites is shown

in Figs. 41-43. In general the strengths of this graphite/epoxy

composite increased as a result of the steady-state thermal

conditioning. The 260°F exposures resulted in small l icreasr.

in strength or no change for almost all types of loading and

composite orientations. The 350'F exposures showed lower ex-

posed strengths than did the 260'F exposures and often times, S

as in the case of the 90' tensile strengths, a substantial reduc-

Lion was detected.

The effect of steady state thermal conditioning on the a
elastic moduli of Narmco 5206/Modmor II graphite composites is

shown in Figs. 44 to 46. The tensile and in-plane shear moduli

were not affected substantially by steady state thermal condl-

tioning. The compressive moduli were affected substantially;

for all three orientations the 500 hours at 260'F was the worst

culpri t.

The effect of steady state thermal conditioning on the

strengths of Hercules 3002M/Courtaulds hMS Graphite composites

is shown in Figs. 47 to 49. in conernl FnT- tb,, 00

0/45/135/0/9s comipyos-Ites, Lhe tensiie and compressive a
strengths increased above the baseline values at all tempura-

tures. However the 900 t 1nsile strength-, wcrc substantially

lower, at all temperatures, than the baseline val iies

*
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Figures 50 to 52 show the effect of the~rmal_ conditioning2

on the clastie moduli of Hercules 3002N/Courtaulds HMS graphite.
Very little change in the elastic moduli of the C° composites

was evident. The [0/45/135/0/-903, composites showed substantial

-°mcdu'lu .... .. ic i ,r• . ... tn he rompressive moduli for the 500 hour

exposure at 260°F.

Cyclic thermal conditioning effects on the strengths of

AVCO 5505/Boron are indicated in Figs. 53 to 55. The most sub-

stantial changes were in the 90' compression strengths, particu-

larly, the room temperature strengths. In addition the 0* tensile

strengths were reduced by cyclic thermal conditioning over the

entire ange of temperatures.

The effect of cyclic theriial conditioning on the elastic

moduli of AVCO 5505/Boron composites is shown in Figs. 56 to 58.

Most of the reduction in elastic moduli, from the baseline values 3

took place at room temperature. The exception to this trend was

for the compressive moduli of the [0/45/135/0/TsI- composites.

The effects of cyclic thermal conditioning on the strengths

of Narmco 5206/Modmor II graphite are shown in Figs. 59 to 61.

The in-plane shear strength of Narmco 5206/Modmor II graphite

was altered so as to make the strength nearly constant over tb

entire range of temperatures. The 0' tensile strength were 1

altered from the baseline strength levels so as to produce an

increase in strength with temperature. The most scattered

results were again shon for the i0/45/135/0/Oij comDositess -

particularly the compressive strengths. The tensile strengths

of the [0/45/135/O/90/. laminates also became more constant over

the entire range than were the baseline strengths.

Modulus changes in Narmco 5206/Modmor II graphil as a

resu of cyclic thermal conditintng are shown in Figs. 62 to b4.
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0

The largest changes from the baseline behavior were evident in

the 90* compressive room temperature behavior. In almost every
case the elastic moduli became more constant over the tempera-
ture range than in the baseline or unconditioned state.

Figures 65 to 67 show the effect of cyclic thermal con-
ditioning on the strengths of Hercules 3002M/Courtaulds HMS S
graphite composites. The greatest reduction in strength were

evident for the 90* tensile strengths at elevated temperatures

falling substantially below the baseline strengths. Increases

in strengths were determined for the 0' and [0/45/135/0/ J5

tensile strengths and the laminate compressive strengths.

The elastic moduli of Hercules 3002M/Courtaulds HMS

graphite were also affected by the cyclic thermal conditioning

as is shown in Figs. 68 to 70. The tensile and compressive

modul! of the [O/45/135/0/9-O] iaminates were clearly affecteds
substantially.

The steady state thermal conditioning generally increased

the strength apd stiffness of the unidirectional and [0/45/135/0/_]
composites, decreasing the ultimate strain capabilities at the

same time. The transverse strengths were decreased, transverse

moduli increased and the strength versus temperature curves

altered to a more constant value over the enrf-, ,-

range. S
"The cyclic thermal conditioning also made the variation

of strengths and moduli with temperature more constant over tht

temperature ran. The ruodulLi were affected less than steady

state exposures and were generally decreased.

2.1.6.4 Effect of Conditioning on Interlaminar Shear

The interlaminar shear strengths of the resin mrqt -'ti ,-,k-

posbtes a alsro effx-etthd y oItheurm; caid s:11n1 .-

but to a lesser extent than other mechanical strengths.
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Figures 71, 72 and 73 show how the interlaminar shear strengths

are affected by such prior exposures for AVCO 5505/Boron, Narmco

5206/Modmor II Graphite and Hercules 3002M/Courtaulds HMS Graphite

composites respectively. All interlaminar shear strengths were

obtained on the 00 fifteen-ply short beam specimens.

AVCO 5505/Boron composites show a loss of interlaminar

shear strength with exposure to moisture (see Fig. 71a) and all

environments result in practically the same loss of interlaminar

shear strength.

Constant (noncyclic)temperature exposures (Fig. 71b)

increased the interlaminar shear strength. The largest increases

were for the least severe exposure (100 hours at 260°F), while

the most severe exposure (500 hours at 350*F) increased the

interlaminar shear strength the least. In fact the room temp-

* erature i4.s.s. were least affected while the elevated temperature

interlaminar shear strengths were affected substanttally more.

Cyclic exposures affected the interlaminar shear strength

9 of AVCO 5505/Boron differently, depending on the peak temperat-re

per cycle. The shear strengths of specimens cycled to 260'F

were relatively unaffected by the cyclic exposures whereas some

infvenqe nr d'r-ea•,, 1v the iofer1nmfiiir ',he~ir strnath w-,.

Inoted for the specimens with 350'F upper temperatures per cycle.

Qualitatively the same effects were noted for the two I
graphite-epoxy composites (see Figs. 72 and 73) humidity generally

decreasing the interlaminar shear strengths over the entire

temperature range and mixed effects noted for the steady-state

and cyclic thermal conditioning.

L0 7



16

14

V3 0S• 12
"-.4

o 10
0 0.

C -J _ 500 hours/98% RH

S 1000 hours/96VX. 101
4-4 w 6 Thermo-Humidity Cycle
t"a 6

W Acc. Wthrng.

0 100 _ 200 300 400

cu~

S-4 14

S~~12 '12 BASELINE -

.00 0 10
t 0 r.

o 100 hours/260"FC

S8 * 500 hours/260°F

w� �1 100 hours/350"F
-4 [3 500 hours/350"F

I I
0 1-00 200 300 400

16

BASELINES~BASELINE
14

.- 4

-, 12cyls/6"
Uo -L 0o

12
00 ~-0

1000 cycles/260'"F

500 cycles/35•6F

S44 1000 cyc1us/350",'

0 100 200 300 400

Fig. 71 EFFECT OF VARIOUS ENVIRONMENTAL CONDITIONING ON

THE INTERIAMINAR SHEAR STRENGTH ()F AVCO iSOS/BORON

COMPOS ITES

108

4



14

-r 1 BASELINE( 12 -- ,

"4-I

V, 0r,4 4J 10

• o ci,•
- ¢W 0 8. •

44 0 W

,-, 0 w 0 O 500 hours/98% RH a
U co4- 1W9 6 " @ours/98% RH m

U-4AThermo-Humidity Cycle

W 4 Acc. Wthrng.

A I I

0 100 200 300 400

a • 14

.• • -• 2 ="BASEL INE

~ 12

cc0 0
4) r. 10
4J.4

co. .8

-6 0100 hours/260 °F

"@500 hours/260°F
a 100 hours/350°F
0 500 hours/350'FI ~I

0 0 100 200 300 400

-4 14
Uj % ,...BASELINE

S~12 -

U r 1 0 5

4• 
-0 F

14 9;El)

41 v 0 500 cyclesi260'F
(U = 4 1000 cycles/260'~F

4-icn 6 6~ 500 cycles/350'F
01 1000 cycles/350°F

4 I I I
0 100 200 300 400

Fig. 72 EI'FECT Co VARIOUS ENVIRONMENTAL CONDITICNINC ON TH.lE

INTERLAMINAR SHEAR STRENGTH OF NAM(C() 5206/MODýtR II 1

GRAPHITE COMPOSITES 109

... . . .. N o w



14
-r4 0 BASFLINE

12

a

4-i40 8

o 6 0 500 hours/987% RH
k, 0 1000 hours/987. RH

"4 U• A Thermo-itumidity Cycle A
4 0 Acc. Wthrng.

0 100 200 300 400

W r 1 14 A

12

4-J c
ro o.•

4 4j 1.0o 1(I

W1 ýa 0 100 hours/260OF

0 500 hours/2600 F
6 6 100 hoiurj/350 0 F

0 *. h mza/350'F 0
4

EI
-4

0 100 200 300 400

(U U1 14

U BASELINE

•-4 W- 12
U r

0 54.0 10

4-4 ,

w• 0 500 cycles/2600 F
6 0 1000 cycles/2600 F

6 500 cycles/350oF
01000 cycles/350OF

0 16O 200 300 400

Fig. 13 EFFECT OF VARIOUS ENV IONMENTAL CONDITIONING ON TIkF

AULD TI-NMS GRAPHITE COMPOSITES
110



2.1.7 Fatigue Test Results

2.1.7.1 Baseline Fatigue Data

The baseline fatigue data are presented in S-N plot form

in Appendices I through III. It should be noted that there is

a general decline in the fatigue resistance of all three com-

posites with increasing temperature.

2.1.7.2 Effects of Humidity Conditioning on Fatigue Behavior

The parametric effects of humidity conditioni ig on the

S-N fatigue behavior is shown in Figs. 74 and 75 for AVCO 5505/
Boron unidirectional F0/45/135/0/] s laminates respectively.

The effects are shown at each of the three test temperatures

(RT, 260'F and 350'F).

Note that the cyclic humidity conditioning treatments

degraded the fatigue resistances of the AVCO 5505/Boron com-

posites considerably more than did the steady-state humidity

conditioning trcatment.s.

Similarly the humidity effects on the graphite/epoxy

composites are presented in Figs. 76 to 79.

With regard to the fatigue S-N behavior for Narmco 5206/

Modmor II Graphite Composites, it is seen in Fig. 76 note that

the ranking is (1) baseline, (2) 500 hours 98% RH, (3) Accelerated

weatherlng, (4) 1000 hours 98% R11 and (5) Thermo-Humidity cycle

at ioom temperature. At higher temperatures the 500 and 1000

hours exposures degraded the fatigue behavior more than did the

humidity cycles. Similar conunents applied to the [0/45/135/0/9§]s

laminates as well (see Fig. 77).

The tatigue degradation dlue tO iLgih hlutidiLy CudiLiuti

for Courtaulds HMS Graphite/Hercules 3002M composites are seen

in Figs. 78 and 79, The behavior shown is complex. Some liberal
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O

interpretation must be applied to the room temperature baseline

data which is probably shown too low in Fig. 78. On the other

hand, the static strengths rose with temperature and it is possi-

ble that the fatigue S-N behavior mirrors this to some extent.

2.1.7.3 Effects of Thermal ConditioninW on Fatigue Be2Wvior

Several parametric cross plots on the effects of thermal

conditioning on fatigue behavior were prepared. The afft t of

steady-state thermal conditioning are presented as follows:
4

AVCO 5505/Boron - Figs. 80 and 81

Modmor II Graphite/Naraco 5206 - Figs. 82 and 83

Courtaulds HMS Graphite/Hercules 3002M - Figs. 84 and 85 0

The classic degradation of the fatigue S-N behavior with

prior steady-state thermal conditioning is seen in Fig. 80 for

0" AVCO 5505/Boron composites. More degradation at the higher

cyclic lives is seen in Fig. 81 for the [0/45/135/0/*-]s com-

posites of AVCO 5505/Boron.

The Narmco 5206/Modmor II Graphite composites show more

complex behavior. Both long term aging effects at the higher

cyclic lives and some strengthening effects at the lower cyclic

lives are seen in Fig. 82, for 0o composites, particular the

room temperature fatigue behaviors. Similar behavior was noted )

in the case of the [0/45/135/0/-90]a laminates although the

strengthening was more uniform over the entire range of cyclic

lives.

Siilar effects are seen for the Hercules 3002M/Courtaulds

HMS Graphite composites, (see Figs. 84 and 85).

Cyclic thermal conditioning effects on the fatigue be-

havior of the three resin matrix composites is shown as follows:
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AVCO 5505/Boron - Figs. 86 and 87

Narmco 5206/Modmor II :aphite - Figs. 88 and 89

Hercules 3002M/Courtaulds HMS Graphite - Figs. 90 and 91

The behavior show. consistant degradation in the follow-

ing increasing order (1) 260°F for 500 cycles, (2) 260*F for

1000 cycles, (3) 350°F for 500 cycles and the worst (4) 350"F

for 1000 cycles. The fatigue data indicates that the materials

still retain satisfactory strengths at Ligh temperature after

thermal cycling.

2.1.8 Creep and Stress Rupture Test Results

2.1.8.1 Baseline Creep and Stress Rupture Data

All tests measured the response to prolonged tensile

loads. Because of the greater creep suqceptability of resin

matrix composites at elevated temperatures, the creep and stress

rupture tests were conducted at elevated temperatures (260*F

and 350°F) only. The creep test data were generated in the

form of creep strain versus time curves at various percentages

of average ultimate tensile stress of the particular material at

that temperature. The stress versus time to rupture data was

obtained for the composite materials at various percentages

of the ultimate tensile stress levels at the two temperatures.

Those tests which ran to 1000 hours were terminated at that time

and the specimens removed from the test stinds. The test results

for individual specimens are shown in Appendices I to III. Both

stress rupture versus time and creen-rhme curveq 'ire p•l-,e -

sented.

Many specimens failed prior to the attainment of the

intended load or "during loading." These specimens are so

indicated in the tabular presentation of data. Where the

majority of specimens for a given conditioning treatment fell

into this category, no str.ss rupturc curves were prcpared fur

that particular condition. As this occasionally happened for
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baseline data as mell, sos bawline strsis-rupture versus time

curves are also missing. Where data me obtained over a portion 0

of the time range only, the stress versus tim to rupture curves

were so indicated.

2.1.8.2 Effects of Humidity Conditiamum- on the CreoS Md
Stress Rupture Properties

The effect of humidity conditioning, treat ents, both

steady state exposure and cyclic humidity pretreatments on the

creep and stress-rupture properties of AVCO 5505/Bormn, NMarmo

5206/Modmor Il Graphite, and Hercules 3002M/Courtmalds uM

Graphite composites are presented in Figs. 92 and 93, Figs. 94

and 95, and Figs. 96 and 97 respectively. Both O mid [0/45/135/

0/90-)s composites were investigated.

Baseline data is not available to compare the effect of

himnidtrv nrodirioning on the stress rupture properties of 0O

"AVCO 5505/Boron composites at 260"F. Some reduction in the

stress-rupture behavior of 0* AVCO 5505/Boron at 350'F is see

in Fig. 92. The stress rupture be.. tr of the [0/45/135/0/;]s

laminates at both 260"F and 350"F appears to be only slightly

affected (and improved over baselinm behavior) after steady

state and cyclic humidity conditioning.

A similar set of humidity effects on the stress-rupture
I

behavior of Naruco 5206/lodmor II Graphite Composites is shown

in Figs. 94 and 95. All conditiening treatments increased theI
stress-rupture curves over the original baeeline values. The

0 composites were affected the most while the [0/45/135/0/M]

laminates were affected the least.

Figitres 96 and 97 3hov the effect of prior humidity

conditioning on the stress-rupture behavior of Hercules 30021/

Courtaulds H3 grn-iTher. The only substsatial reduction in the
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stress-rupture curves with htmidity conditioning for all three

.aterials was detected at 3507F for the [0/45/135/0/50] aImi-S

nates. The accelerated weathering cycle stress-versus tim to

rupture curves shown in Fig. 97 at 350"F is coincident with the

baselinebehavior. However, the 1000 hour at 987 RH data showed

a decrease from the baseline values.

Overall, the stress versus time to rupture behavior of the

three resin matrix composites in the unidirectional as well as

. [O/45/135/0/ 5'08laminates war either not affected by prior humidity

conditioning or showed a slight improvement in the resistance to

ruoture under sustained stress.

2.1.8.3 Effects of Thermal Conditioning on the Creep.__d

Stress Rupture Properties

The effects of steady state thermal conditioning on the

stress-rupture behavior of the three resin matrix composites are

* shown in Figs. 98 to 102. Both 00 and [0145/135/0/1) acomposites

and two temperatures of testing (260*F and 350"F) are presented.

The effect of steady state thermal exposure on the stress

versus time to rupture behavior of AVCO 5505/Boron composites is

shown in Figs. 98 and 99. In general the exposure at 350°F for
II0f - c-!-h-m•a••ca4n_, d sesq properties while the 500

nour expuouire LU 4Vv.r zoiawi~d Uixli. ULtgLn.tory and enhancement of

the stress i:upture properties relative to the unexposed baseline

properties. From a logical point of view, it is reasonable to

conclude that the thermal exposure may not have enhanced the stress

rupture properties but that this conditioning had no adverse

nff ý'r4-q t~l-h~ q r behavio r-.

Th..ý effect of steady-state thermal exposure on the stress

versus time-to-rupture behavior of. Narmco 52j6/Modmor II graphite
.U~qjUz6L&'Ca Lap Pj 4.(=11U Aa &5U~. A~J ~.a ,edL

temperature exposure (350*F for 500 hours) increased the resis-

tance to failure under sustained load above the 0° baseline

S. . .. . .... . . : i'•I
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behavior at 3500 F. The 500 hour exposure to 260*F resulted in
0 minor degradation from the baseline behavior.

The 0* stress versus time to failure behavior of Hercules

3002M/Courtaulds HMS graphite is n I shown because the data
0 tdoes not exist or all specimens were 1000 hour runouts. The

laminate behavior is shown in Fig. 102. Again the 500 hour

exposure to 350°F enhanced the stress-rupture behavior while

the 260"F exposure for 500 hours degraded the stress-rupture

behavior.

The effect of cyclic thermal conditioning on the stress-

rupture behavfor of AVCO 5505/Boron composites is shown in Figs.w
103 and 104. The res, q showed behavior similar to that of

the steady state therm• conditioning. The 500 hours exposure

"to 350*F showed better performance than both baseline and 500

hours exposure to 260°F. The exception was the [0/45/135/0/90]

laminate creep-tested at 350 0 F. Baseline data at 260°F for the

0* composites were missing because all baseline coupons were

1000 hours runouts. (See Appendix I - Table XIV.).

Figures 105 and 106 show the effect of cyclic thermal

conditioning on the stress versus time to rupture behavior of

Narrteo 5206/Modmor TT graphite composites. The behavior is
I

similar to that for AVCO 5505/Boron composites as discussed

above. Finally the stress rupture behavior of the second

graphite/epoxy system, Hercules 3002M/Courtaulds HMS graphite

Sis shown in Figs. 107 and 108. No beneficial cyclic conditioning

was indicated, all conditioning proving to be degradatory.

2.1.9 Thermo Physical PropertJle,

* 2.1.9.1. Thermal Expansion

Thermal expansion measurements were made for the three

resin matrix composite systems, AVCO 5505/Boron, Modmor II

"!.5
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£Craphite/N=r-_o 5206, and Courtaulds HMS Graphlte!Hervu!es 30CM.

Three samples in each of three fiber orientations (0', 900, and
[0/45/135/0/1 s with respect to the expansion direction) were

tested in air at 4°F/min. from ambient RT to 350 0 F for each

material system employing the NETZSCH Automatic recording push-

rod dilatometer described previously (AFML-TR-72-205, Part I).

For the material tested in the transverse direction (90'

fiber orientation) a 0.1 to 0.5 percent shrinkage was observed

after the first heating/cooling cycle. Stable expansion be-

havior was observed during the subsequent cycles. This effect

was also seen in the 0' and [0/45/135/0/0] orientations. Thes

thermal expansion behavior of material of this orientation is 0

much lower. This effect is illustrated in Fig. 109, where

percent expansion is plotted against temperature for both heating

and cooling cycles for the Courtaulds HMS Graphite/Herctules 3002K

material (typical of other materials). Materials experienced

slight weight loss during testing, typical weight losses ranging

from 0.1 to 0.3 percent.

The instantaneous coefficient of thermal expansion for

each resia matrix material and fiber orientation tested was

determined for the second cycle stable expansion behavior and
is plotted as a function of temperature in Figs, 110 to 112,

and tabulated in Table X.

The low ,•xpansion of the 0' (longitudinal) fiber orienta-

LUl o1U[,otLLe Uilit irum the high mUoULUS LiULF5 resWrLUting

the expansion of the low modulus matrix. Since the tensile

moduli of the boron and graphite ffers are much higher ttan

tensile moduli of the epoxy resin maLrices, it can be predicted

from strain compatability consid rations that the prope -.s of 0

the reinforcing fibers control the uniaxial (0W) expansio.a

15.2
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behavior. This was found to occ--r as evidenced by the data in

Table X. Boron fibers exhibit a mniaxial expansion coefficient

of 2.7 x i0-6 in/in*F (14), and the AVCO 5505/Boron composite

exhibited expansion coefficients ranging from 2.5 - 3.0 in/ianF

(from ambient RT to 3507F) in the 0* direction.

Typical graphite fibers used in advanced graphite/epoxy

composites exhibit negative expansion coefficients. Both graid-

ite reinforced systems tested exhibited negative composite ex-

pansion coefficients in the 0* direction as seen in Table X. It

was estimated that the high modulus graphite/epoxy system (Court-

aulds HMS Graphite/Hercules 3002M) would have a lower uniaxial

(0*) expansion coefficient than the high strength fiber system 0

(Modmor II Graphite/Narmco 5206). This was also observed experi-

mentally, the uniaxial expaision coefficient of the high modulus

system being more negative than that of the high strength graph-

ite reinforced material.

These data conform with composite thermal expansion data
on boron - and graphite - reinforced epoxy systems found in theJC

literature (14, 15).

S~The large expansion coefficients for the 90* fiber orien-

tation (transverse) are manly a result of matrix expansion
without restraint effects produced by reinforcement. This in-

crease in importance of the matrix expansion coe ficient can be

predicted from strain comatab.lltv ernm4darAt4nnm, And In nih-

served in the experimentally generated data summarized in Table

X. Dot& for the transverse (90") orientation exhibit the general

magnitude and temperature dependence of typical epoxy materials

- ~ Z~., ;Aaw Vi ULi MAA"16.U UpZ UtLi U!UvA.Ur On 9L[W

reinforcement in the 0* orientation.
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Considering both uniaxial and transverse expansion

Sbehavior, the reinforcing fibers alone more strongly control

Sthe uniaxial expansion behavior than does the matrix alone con-

r_ trol the transverse expansion behavior. Thus the fibers have a

f. stranger influence or transverse expansion behavior than the

influence of the matrix or uniaxial expansion behavior. These
observations are in concurrence with predictions based on stressj ,equilibrium and strain compatability analyses.

In the [O/45/135/O/9-Oa fiber orientation of each material

tested the composite expansion coefficient is also low, indicat-

l ug the few 0* plies present offer significant restraint to the

composite. The angled plies also offer significant reinforce-

ment according to literature data (16).

2.2.9.2 Effect of Absorbed Moisture on Thermal EEpansion

Behavior of Resin Matrix Composites

It has been demonstrated that each epoxy resin matrix

composite investigated absorbs water vapor during shelf storage,

as evio-nced by weight gain, which results in unstable thermal

expansion behavior upon initial heating and cooling, -4th more

stable behavior in subsequent thermal cycles. This behavior

has been observed in similir materlals systems (15). In particu-

lar, the graphite/epoxy composites showed this behavior most

clearly.

The unstable first cycle, stable secoad cycle expansion

behavior for the transverse orientation Courtaulds 10S Graphite/

Hercules 3002M mat.rial was presented before in Fig. 109. To

indicate the zo1 Lthat absorbed water vapor has on this p*enomonso

a sample, not praviously tested, of the sa. m saterial was expo•ad

S[ -



to a 350"F environmnt for 63 hours. A thermal expansion test

was then conducted on this material, the result of which is

shown in Fig. 113. The prolonged temperature exposure has

resulted in the elimination of the unstable first cycle be-

havior. This identical sample was then subjected to 98% LR.

(relative humidity) for 812 hours, until the sample regained

its pre-350*F cure weight. Subsequent thermal expansion testing

indicated unstable first cycle and a more stable second cycle

expansion behavior as presented in Fig. 114. This behavior is
similar to that shown in Fig. 109, indicating that the absorbed

moisture is responsible for the observed unstable expansion

behavior.__

2.1.9.3 Thermal Conductivity Results

Thermal conductivity masurements were made on three

reinforced epoxy systems, AVCO 3505/Boron, Modor I1 graphite/ S

Narmeo 5206, and Courtaulds HMS graphite/Hercules 3002M. Three

sples in each of three fiber orientations (0, 90', and

[0/45/135/0/M ] with respect to the heat flow direction) were

tested from ambLent RT to 350"F employing the guarded steady

state longitudinal heat flow ;method previously described YML-

Ta-72-205, Fart 1.

ihermat comnuctivity results for these resin matrix

materials are presented as a function of temprature in figs.

115 to 117. For all three naterialu system the thiPml coa-

ductivity in the 0' direccion (parallel to fibers) is higber

than in the transverse (90') directton, with the miand ply

straight-linme reprsntation of the data sham for each .ateri•l

orientation was derived frm a li•e•r least squares data amalysts.

Typical thermal conductivity data scatter for these composite
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materials ranged from + 4 to + 12% maximum deviation from the

linear representation shown. Data for the uniaxial Courtaulds

HNS Graphite/Hercules 3002M material, however, exhibited + 207.

variation from the linear representation, owing to sample vari-

ability.

The Courtaulds HMS Graphite/hiercules 3002M materials (high

modulus fibers) exhibited thermal conductivity data substantially

higher than the Modmor II Graphite/Narmco 5206 materials (high

strength fibers). Although the properties of the Hercules 3002M

and Narmco 5206 Matrices are not readily a,7iilable, this result

is possibly due to the increase in uniaxial fiber thermal con-

ductivity with increasing uniaxial tensile modulus thnt has

been observed in other graphite reinforced epoxy composites (17).

The AVCO 5505, Boron exhibited lower therma.l conductivity

than either of the two graphite reinforced composites studied.

Although the properties of the respective matrix materials are

not readily available, this re-sult would not be unexpected owing

to the lower thermal conductivity of boron fibers as compared

to graphite fibers.

Both graphite reinforced materials exhibited substantially

high.r thcr,,al conductivity dircctional anis•-rcpy than thu bcro.-

reinforced material. This is presumably due to i.he greater

difference between fiber and matrix conductivity for the graph-

ite reinforced mater-als as c-mpar-ed to the boron reinforced

composites.

In general, good agreement was obtained ir comparing the

experimentally generatee data for the 0' and 90' fiber orienta-

tions of the three resin matrix systems studied with data

derived from analytical prediction techniques employing familiar

par~allei ad serieb Lite~i~" anlaiugies (616
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2.1.1.0 Fracture Modes

The failure patterns for 00 resin matrix composites

depended upon mode and type of loading and on the prior comidi-

tioning to a lesser extent. Static tension of the AVCO 5505/

Boron composites produced fractures which generally propagated

fully or partially across -he specimens in a straight path.

The partial fractures also had straight smooth transverse

!LM(CLU-re p&JLA19 wiich were coupled with longitudinal fractures

I, parallel to the filament directions thus resulting in an over-

_ all steplike fracture pattern. Fatigue fracture patterns of

the 0° AVCO 5505/Boron composites contained more of such steps

with many fibers involved in each transverse path. The creep

fracture patterns of the 0* AVCO 5505/Boron were different from

both static and fatigue patterns. The creep patterns in the 0

AVCO 5505/Boron composites showed many individual filaments

pulled from the matrix in random locations so as to appear as

j •a bundle of broken fibers of various lengths. Environmental

conditioning modified these appearaices only slightly. Humidity

conditioning caused the fatigue and creep fractures to appear

less fragmentary. Thermal conditioning caused the fracture

iurfaces to appear more fragmentary except in the case of

fatigue and creep fracture surfaces where the fractures assumed

a more straight or transverse crack direction. The two graph-vI
I•e co•inpn4a hah4ved similarly ro the AVCO 5505/Boron com-

* posites except that the fatigue fiacture modes were more frag-

mentary than the corrcsponding AVCO 5505/Boron fractures.

The fAilure patterns for 90' composites showed practic-

ally no differences between the various fibers. Static tension

failur, ~were clear, flat and vezy ncarly lay in plene prren-

dici-lar to the direction of loading. The 900 compression

1(7



.I
failures (coupon specimens) consistently broke in a fracture

plane inclined to the direction of loading. A wedge shaped

piece was nearly always broken from the coupons after comple-

tion of the test specimens The fatigue and cr=ep fracture

patterns were quite similar to the static tensile patterns for

all three resin matrix composites except that the Hercules 3002M/

Courtaulds HMtS Graphite composites also delaminated.

Laminate ' 0 / 4 5 /115, 1 •/9 0 , composites generally failed

in an irregular path, but straight across the specimens rather

than in long steps as in the 0' static tensile patterns. Stati:

compression patterns were so fragmentary that no analysis could

be made of the origin and pr,-gress of the rackir.g. The fatigue

failures generally showed two fractures after testing, but one

of these most likely occurred as a result of unrestrained com-

pression followed by bending of the sample f.lowing initial
3

specimen failure before the fatigue machine finally stops.

Creep failures of the 90/,.5/V15/O/-W componites ;-S , showed

double failures on a frequent basis. Considerable delamination

of the static tensile. fatigue and creep specimens of Hercules

3002M/Courtaulds HMS graphite cnmposites was evident after

testing.

2,2 Metal Matrix Studies

2.2.1 Materials

Although the excellent specific strength and .tiffnP.n

properties of certain metal-matrix composite materials hay

been known to the aerospace industry for some time, the appli-

cation of these materials t( structural components has been

delayed. because of high initial material cost and the lack of

fabrication methods that are econnmical and capable of producing



panels of consistent quality. Two promising methods that are

coerclally used to fabricate metal-matrix composites were

considered for this program.

1) Diffusion bonding in which the filaments are

encapsulated by hot pressing of the matrix foils in an inert

atmosphere.

2) Plasma spraying technique where miatrix plasma is

sprayed on filaments to form composite monolayers (or tapes).

This method then requires further processing to produce multi-

layer laminates.

A substantial number of aerospace applications for metal

matrix composites utilize 6061 Aluminum together with the boron

fiber. Therefore, this system (6061 aluminum/boron) was selected

* for characterization in this program.

The second metal matrix system selected was 6A1-4V-

Titanium/BorSiC because of its utilization in turbine blade

* applications. A least two aerospace companies have shown an

interest in this material.

2.2.2 Material Procurement

The maximum capability temperature of the aluminum I
matrix composites is generally defined as 600*F and the titan-

ium matrix composites, 800°F. 5.6 mil boron and 5.7 mil BorSiC

Were ULed jh i-hP -reP"rAtfon of the laminates. Table IV in
Section II presented the test program utilized for evaluation

of the metal matrix composites. '1

I
I
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Specifications for metal matrix cfmaposites did not exist

at the time thai: these two materials were ordered for use on

this prograir The aluminum/boron composites fabricated contained

50 percent fiber volume The titanium BorSiC composites con-

tained 45 volume percent fibers. Preparation of the titanium

* composites was on a best efforts basis.

6061 Ahunintun/Boron material was procured from Amercom

Inc. The vendor fabricated the material in laminate form. The

composite was diffusion-bonded in vacuum. It was initially

j assembled by winding boron filaments onto a thin foil of 6061

Aluminum. The filaments were held in place by a "Fugitive

binder". The sheets of foil and filaments were then assembled

to the requisite lamination. placed in a stainless steel vacuum

bag and the bag was evacuated. The binder was eliminated at a

low pressure and temperature under a dynamic vacuum.. The heat

was then raised to the pressing temperature and consolidation

was carried out in the solid state under pressure. Following

the consolidation the fully consolidated laminate was removed

from the bag trimmed and chemically cleaned prior to delivery.

6AI-4V - Titanium/BorSiC material was fabricated by TRW

Inc. These laminates were prepared as follows.

BorSiC filaments were wound on a 16 inch diameter drum

mounted in a filament-winding machine The filament spacing was

accurately maintained to provide the desired filament volume

percent- The filaments were drawn through a glass nozzle in the

pr,-cess which Added a polystyrene binder coating to the fiber.

The collimated fiber mat is next cut and inserted between two

titanium foils. This monolayer was then placed between two

stainless steel or molybdenum separat,,r whicL 's coated with

graphite and boron nitride antiadhesive coatings. The assembly
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is then placed inside a stainless-steel capsule which is then

evacuated. Following this the capsule is hot pressed which

breaks down the polystyrene into gaseous decomposition products

&nd these are removed by a dynamic vacuum. When the bonding

' ,temperature is reached, the pressure is increased and the assem-

bly is bonded for a period of time. Following this the load is

reduced the monolayer is removed and the surface is etched to a

S3 fiber volume percent thickness. Then the monolayers were

stacked between 20 mil thick doubler plates and the new assembly

is subjected to pressure and elevated temperature. Thus two

distinct diffusion bonding operations are used in the overall

process.

2.2.3 Metal Matrix Material Test Specimens

Figure 118 presents the specimen geometries of the various

metal matrix test specimens employed3 in this program.
A

Referring to the Fig. 118a the tension, and tensile

fatigue and creep specimens were similar to the IITRI straight

sided tab ended coupons used for the resin matrix studies with

2 in. gage lengths and 4 inches long. The specimen shape was

arrived at by machining ot the 20 mil doubler plates bonded

during plate fabricatior on top and bottom surfaces instead of

bonding of a tab on the laminate as with resin matrix composite

tests specimens. With the removal of 18 mil foil layer on either

surface, the specimen thickness was approximately 44 mils.
IFigure Liib shows the 15- and - -

10 fatigue coupon geometry which was obtained by machining in

a manner similar -o the tension specimens. The specimen had a

gage length of 1/2 in. and with the removal of 18 mil cover on

either side, the test section thickness came to about 1.10 mils.

1.71 -I
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The flexural specimens of 0' and 90* fiber orientations

were the same as those for the resin matrix composites. These

. ...... ~... plies with a thicknesses of 110 mils after the

removal of -. -_ .T;:.;_ . i - iii a manner

similar to the testing of the resin matrix flexure specimens.

interiaminar shear specimens were also 15 mils thick and

they were 1/2 in. wide and 0.6 in. long. The test procedure

was identical to that for the resin matrix specimens with three

point loading.

Thermal conductivity and Thermal expansion spvcimens were

2 in. by 1/2 io. by 6 plies in thickness. For the former tests,

several of the se spn ou m ienq .n'4 , Z, ý r,,'L,2 -'k L C L

thickness of 1 inch.

Density determinations were made on specimens similar in

size to those used for thermal property tests. The fiber

volume density was measured by gravimetric mnans.

2.2.3.1 General Specimen Machining Procedures

The 6061 AIuminum/boron panels fabricated by Amercom Inc.

had a 20 mil thick 6061 aluminum doubler platep= riif!fiýor-honded

to both the top and bottom surfaces of the panels.

The tension and compression specimens required tabs at

the grips. By machining away the doubler plates in the test

section of the specimens (to a depth of 18 mils) we were left

with 18 mil thick tabs on each end of the sample on both sides

of the specimen. This provided a composite specimen with a

uniform matrix covering the filaments throughout the entire

-O- c A. • aeim`L LttdL diu noL require the tab thick.-

nesses such as in flexure and int4 rIaminar shear tests, the

I / 3



doubler plates were machined to remove 18 mils uniformly over

The actual machining work was done as described below:

The blank plates were held in a fixture on the aurface

grinder to permit two cuts in the longitudinal direction, using 4'

a 1/16" cutoff wheel. These two cuts removed the rough edges.

The plates were then turned 900 and held in a similar clamping

fixture to cut the platei to the specimen length. The reduced

section was then gro aad in the plates using a grinding wheel

with the corner radius dressed on both edges. At this point

the plates were held in a fixture and the specimens were cut
S31

to the proper width with a cutoff wheel. After this operation

the specimens were deburred.

A similar procP lure was adapted for specimen fabrication

from the 6A1-4V - Titanium/BorSiC material which also had a $

matrix foil cover of 20 mil thickness on either face.

2.2.3.2 Machining Procedure for Titanium/BorSiC Composite

Specimens from Diffusion Bonded Plates

The edge cond'tion of each blank plate was examined. If

there was any doubtful edge sections, a predetcrmined amount was

removed to assure a uniform density.

This whole operation was done in a steel hold down fixture

in a surface grinder, (the clamp bar being 0.015" to 0.030" away

from the c wheel to pv fibe separation. The -lec!

utilized was an,

ALLISON, VA-602-M-RA, (1/16" x 3" x 12")
operated at 2800 RPM spindle speed.
A normal traverse, 0.001" downfeed--water
soluble coolant was employed.
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Lepending on the fiber orientation relative to the

specimen geometrvi, the specimen blanks were removed in the

following manner:

(A) Specimens that required the fibers iu thte iongiLudijil,

direction were cut in strips tu the correct width arid the full

length of the plate. (Using the fixture described above).

(B) Specimens with transverse fibers were cut to the

correct width from sections that were cut from the blank plate--

each section cut to the specimen length and paral iel to the

fiber direction. A smallhr plate fixture (.f i•imiiLir design was

used to cut transverse specimens to ti•e correct width. The

wheel utilized was the same as abovc.

The reduced area was ground in a hold down fixture that

acconruiodated twelve specimens and which clamped the specimens

within 1/3?" of the reduced section. Equal amounts were removed

from each side. When the specimens were turned over for grind-

ing, a s, it.able shim was placed in the original reduced area to

prevent deflection and to act as a heat sink. The wheel used

was a,

NORTON, 37C-60-.IVK, (1" x 3" x 12")
operated at 2200 RPM spindle speed.
A normal traverse, 0.0005" downfeed--
soluble coolant was employed.

The radius was dressed on both edges of the wheel. The

final grind, on both sides, was at 0.0001" to 0.00015" downfeed.

The amount of stock removed per pass was critical; any

increase in the grinding cut caused excessive heat and tended

to make the specimen deform upwards into the wheel, exposing

the fibers.

175



Plain specimen blanks (no reduced section) were produced

as described above for the specimen blanks.

The material removal of the entire surface of the plain

blanks was done individually. A vise with "step jaws" was used

to hold the specimens during the grinding operation. An equal

amount of material was ground from each surfacc. The wheel used

was as described above for removing material for tensile coupons.

The grinding of large sections resulted in deflection,

due to the heat generated at the wheel contact point (even with

coolant), and resulted in damaged areas with some fibers exposed.

iDSpeCLiUn was required.

2.2.4 Static Test Results for Metal Matrix Composites

2.2.4.1 Baseline Data

Baseline data were generated for both 6061 Alutminum/boron

and 6AI-4V Titanium/BorSiC Composites for both 0' and 900 pro-

perties, in tension and compression at various temperatures:

70°F, 160-F, 400°F, 600°F and at 800°F for the Titanium/BorSiC.

These results are presented in Appendices IV and V. Bc'lh tabu-

larized data on strengths and moduli and stress-strain curves

are shown there.

2.2.4.2 Effects of Thermal Conditioning on the Static

Properties of Metal Matrix Composites

Both steady-state and cyclic thermal conditioning treat-

ments were applied to the two metal matrix composites. The

efferts of these conditioninn• treatments are summarized in

Figures 119 - 126. Tn general, the steady state treatments

appeared t' have a mixed effect on the tensile strengths of the

two composites, while the cyclic thermal effects appeared to

cause a general degradation of the tensile strengths. Both
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conditioning treatments appeared to cause a degradation of the

compressive strengths.

2.2.5 Fatigue Test Results

Both metal matrix composites were subjected to fatigue

at various R ratios (R - 0.1, -1, and 10) at a cyclic frequency

S- 1800 rpm. No conditioning was applied to the metal mat:ix

composites but the materials were tested at temperature3 of 70*F,

* 160-F, 400-F, 600*F end at 800*F for the 6A1-4V-Titanium/BorSiC

Composites. Fatigue in both the longitudinal (0') and trans-

verse (900) directions was studied.

The results are presented in Appendices IV and V and in

Figs. 551 to 556 and 588 to 593.

The 6061 Aluminum/Boron tensile fatigue (R - 0.1) results

fell within a very narrow band for all temptratures, with only

a slight degradation in strength with increasing temperature of

the 0* composite. A much wider spread in the S-N curves was

shown for the fully-reversed loading (R - -1) and considerable

scatte:" in the compression fatigue 'R - 1.0) results of the 0*

composites. Similar results were evidenced for the 90* 6061

aluminum/boron composices.

ST• CAI •A V T -/ A.- it1e results show a

greater reduction in strength with temperature and a greater

scatter in the fully reversed and compression fatigue data for

all temperatures and both longitudinal and transverse load-

carrying capacities.

2.2.6 Creep And Stress Rupture Results

Both metal matrix composites were also subjected to long

term tensile stress-rupture and creep testing. Buth 0' and 90*

composites \re tested in crecp at 70"r, 160°F, 400°F, 600°F
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and 800"F. The results are presented In Appendices IV and V in

tabular form, creep curves and stress versus time to rupture

curves.

The test results indicate considerable scatter for the

6O•,1 .r•.4.n!•hn' -n vonnoqites and vfr'r little u~e~ui data for

the 6A1-4V titanium matrix composites. The 6061 aluminum/boron

stress versus time to rupture curves are extremely flat similar

to the fatigue S-N curves. In addition it should be noted that

the transverse creep strain versus time curves for the 6061

aluminum/boron composites showed a tendency to increase in

growth rate at elevated temperatures similar to Lhe familiar

aluminum base metal creep curve performance. (The room tempera-

ture strains did not increase aq quickly as those at the elevated

temperatures). The 0* creep strain versus time curves were quite

flat out to 1000 hours.

2.2.7 Physical and Thermophysical Properties of Metal Matrix

Composites

2.2.7.1 Thermal Expansion Test Results

Thermal expansion measurements were made for the two

fiber reinforced metal matrix systems, 6061 Aluminum/Boron and

6Ai-4V-Titanium/BorSiC. Five samples in each of two fiber

orientations (00 and 900 with respect to the expansion dtrr tjton)

were tested in air with the NETZSCH automatic recording pubarod

dilatometer described previously. Testing was conducted from

-320OF to 700UF for the 6061 Aluminum/Boron material, and from

-320°F to 900'F for the 6AI-4V Titanium/BorSiC material.

Typical results for the 6061 Aluminum/Boron and 6AI-4V-

Titanium/BorSiC materials are presented in Figs. 127 to 132,

where percelit expansion is plotted against temperature for both

heating and cooling cycles above and below ambient RT. For "he
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£I

6061 Aluminum/Boron system the overall expansion from -320sF to

700*F was 0o3 percent or the 0' direction and 0.95 percent or
the 90° direction. Over the temperature range -320°F to 900°F

Tthe 6AI-4V Tiannium/BorSiC materials exhibited 0.39 percent

d iand 0.5 percent expanslon in the longitudinal (0°) and trans-

adverse (90e) directions, respectively. For both metal matrix

systems testur ,i F good sample-to-sample reproducibility was ob-

served, with no unstable expansion behavior such as was obtained

dtfor the resin matrix materials.

cotrlThe instantaneous coefficient of thermal expansion was

admdetermined fmou both metal matrix sastems or the longitudinal

Sand transveuse directions and is presented as a -,nction of

temperature in Figs. 131 and 132 and is summarized in Table XI.

rei In the 0h direction (parallel to fibers) expansion coef-
S~ficients are low due to fiber reinforcement effects. Expansion

data for the unlaxial (0n) 6061 Aluminum/Boron metal matrix

nmaterial aire similar to the resin-matrix AVCO 5505/Boron system

previously discussed However, the boron fibers more strongly

control the unfaxial expansion behavior In the resin matrox
system. This can be predicted by considering the relative fiber

and matrix moduli in both metal - and resin - matrix systems.

The eaax.al (0i) expansion coefficients of the 6AI-4V
Titanium/BorSiC material were similar to those observed for the

VV•t ••IIII•I/.L~l .yLl BothL[ nmaterfals were boront fber

reinforced which controlled the uniaxial expansion behavior.

The larger expansion coefficients for these metal matrix

maiceriais 1-n tne Lransverse (9W-a) airection represenu reiariveiy

unrestrained matrix expansion, he boron fibers offering only

minimal reinforcemen. The transverse 6061 Aluminum/Boron

mrterial. expansion coefficient-, are s•imilar to those of the
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F 6061 Aluminum matrix ('-13 i.-in/in*F at RT), ard the transverse

expansion coefficients of the 6A1-4V-Titanium/BorSiC material

are similar to those of titanium (-4.7 IL-in/in*F at RT). In

both materials transverse expansion coefficients were slightly

lower than for their respective matrix materials only, due to

the contribution of the reinforcing fibers in the transverse

direction.

The 6A1-4V titanium/BorSiC material exhibited less thermal

expansion anisotropy than the 6061 Aluminum/Boron materials. This

occurred presumably because the individual fiber and matrix com-

ponent expansion coefficients were closer for the 6A1-4V-titanium/

BorSiC system.

2.2.7.2 Thermal Conductivity of - Metal Matrix Composites
Thermal conductivity measurements were made on the two

metal matrix composites: 6061 Al-mlnum/Boron and 6AI-4V-Titanium/

S~BorStC. Five samples in each of two fiber orientations, longi-
Tetudinal (0h) and transverse (90i), were tested. Testing was

conducted to 700*F and 900 0 F for the aluminum matrix and titanium

matrix materials, respectively.

Thermal conductivity results are presented in Figs. 133
arri I '~Ali ,h *- tho -'al rr~d", ivtý q ~---~i. flIVIPI-inr OF

temperature for both the longitudinal and transverse orientations.

The thermal conductivity parallel to the fiber reinforcement was

higher than in the transverse (normal to fibers) direction. The

straight-line representations shown for each material/orientation

are the result of linear least aouares data fits. Data acqtter

for these metal matrix materials was roughly + 4 to + 127. (maxi-

mum variution), with some evidence of sample-to-sample vari-

ability.
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The thermal conductivity of the boron reinforced

aluminum material was higher than for the boron (coated with

Silicon carbide) reinforced titanium matrial due to the higher

matrix thermal conductivity. A lower degree of directional

anisotropy was observed for the 6Al-4V Titanium/BorSiC materials,

",-nich agrees with the thermal expansion results where lower

directional anisotropy was also observed for the 6AI-4V Titanium/

BorSiC material compared to the 6061 Aluminum/Boron material.

2.2.7.3 Densities

The densities of the metal matrix composites were also

determined using gravimetric and leaching processes. These

determinations were made to verify the fabricator's stated fiber

densities. The average fiber density, from three plates of the

6061 aluminum/boron was 49 4. Similarly the average fiber

density, from three determinations of the 6Al-4V-Titanium/BorSiC

was 46 7..

2.2.8 Fracture Modes of Metal Matrix Composites

The 0* 6Ai-4V-Titanium/BorSiC composites exhibited ten-

sile fracture surfaces which were rough but lay in planes rela-

tively transverse to the load direction. No steplike fractures

were evident, as was the case for resin matrix composites, for

the baseline data. Similar results were obtained for all levels

of steady-state thermal exposure. However those samples which

had been cyclically exposed to thermal coaditioning showed both

delamination and multiple step fractures particularly in the

surface plies. The V° comwn-esslon fallures of nli 6AI-4V-Titan-

tum composites were impossible to analyze because of severe

crushing, multiple fractures, metal •Mearing and occasional

delamiiaation partit ularly thosk tested at elevated temperatures.

Interlaminar shear and flexural fail irc modes L room temperature
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appeared to be as is normally encountered for resin matrix

composites.

At room temperature the 90° tension fracture in 6AI-4V-

Titanium/BorSiC composites appeared similar for the baseline,

steady-state thermal and cyclic thermal conditioning. Failures

are transverse to the load direction, generally lie in a plane

perpendicular to the load direction. There is often a shear

lip on one side of the specimen if there was sufficient metal

from the coxer plates remaining after grinding of the surfaces.

Compression failures of the 90* 6A1-4V-titanium/BorSiC composites

were flat and lay in a plane always at 450 to the load dtrection.
"o 0At room temperature little or no delamination was evident al-

though metal smeariug was present and may have hidden this

delamination. At elevated temperatures (above 400°F) the

failures were quite different. The fractures surfaces were

generally out of plane but more perpendicular to the load direc-

"tion and included some overall out-of-plane curvature to the

"gage section This latter phenomenom may indicate buckling

I- 0 of the 90 6A1-4V-titanitm BorSiC composites at elevated temp-

erature due to the coubined effects of modulus reduction and

some delamination which is partially evident looking at the

side of the fractured samples. The prior cyclic thermal con-

ditioning and steady state thermal conditioning did not alter

this failure mode.

The 0* 6061 aluminum/boron tension failures at room

temperature were closer to those encountered in the correspond-

ing resin matrix tests., The fracture surfaces were very rough,
-7 - -1 ' A ..-

pa-terns was clearly evident. erior steady state and cyclic

-. Mal %t.iL AAA_ iAg resulted in a higher percentage of failures
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close to the ends of the gage section near the tabs. 00

compressive failures of the baseline 6061 aluminum/boron com-

posites at room temperature showed substantial flow present in

the gage section, but whether this was encountered prior to

failure or just after fracture is not known. Both steady-state S

and cyclic thermal conditioning caused less flow to be present

as judged from post fracture examinations of the broken speci-

mens.

Both baseline and steady state thermal conditioning of

-he 900 6061 aluminum/boron composites resulted in fractures

exhibiting considerable plastic flow as judged by post-fracture

examinations and some curvature to the entire gage section of •

the sample. However the cyclic thermal conditioning resulted

in room temperaLure compression failures of the 900 6061 alumi-

numn/boron composites which were generally flat, and at a 450 3

angle to the load direction. Occasionally some samples showed

a double angle meeting at the center plane of the coupon. Ten-

sile failures of the 90' 6061 aluminum/boron composites were

similar to the failures of the 6AI-4V-Titanium/BorSiC composites

except that many of the specimens exhibited a short (about 10

fiber diameters) steps in the failure surface.

The 6061 aluminum/boron composite fatigue failures were

varied. Tensile fatigue (R - 0.1) of the 00 coupons appeared

to follow the static fracture patterns. The compression fatigue

(H - 1 0) failures, however, generally were different from the

static tescs with a short (approximately, 1/lb inch) segment

of the 00 coupon broken away from the samnle, thi!-; resi•Irig

in three pieces after failure. Compression fatigue failure

surfaces were normal to the load direction. The fully reversed

6061 aluminum/boron u' composites frequently fractured into
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I
zour or more pieces with the failure surfaces more like the

tensile fatigue, i.e. irregular with some steplike appearance.

The 900 6061 aluminum/boron tensile fatigue (R - 0.1) failures

contained some fiber failures resulting in a small step of a

few fiber diameters on each failure surface. The compressive

fatigue failures of the 900 composites frequently resulted in

several post fracture pieces. Fully reversed failures were a

m'ixture of these two modes.

The 00 6A1-4V-titanium/BorSiC composites tested in

tensile fatigue showed irregular fracture surfaces but a con-

tin,,ous non-stepped fracture path. The 00 compressive specimens

invariably failed at the ends of gage section and considerable

damage of the fracture surface took place after the initial

fatigue failure. The 00 fully-reversed fractures mure closely

resembled the tensile fatigue failures. The 90* tensile fatigueI. failures were flat, planar and perpendicular to the load direc-
tion. The compression fatigue fracture surfaces of the 90'

6AI-4V-titanium composites were flat, planar and at 450 to the

* load direction.

2
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SECTION III

3.0 CONCLUSIONS

In conclusion this progr. .a has demonstrated the capabili-

ties of composites in retaining aechanical properties after

exposure to various humidity and thermal environments. This

data appears at a particularly appropriate time in the evolution

of composite technology, when emphasis is being placed on com-

posite reliability and durability. The effectiveness of com-

posites in resisting environmental degradation has been demon-

strated.

Several items of particular concern to aerospace desi ters

and test engineers planning to utilize these materials in pre-

liminary or advanced design were established during this program.

These items can be summarized as follows:

The boron/epoxy system was particularly sensitive to

moisture conditioning and moisture coupled with high/low ten:p- 3

erature shocks. The boron/epoxy strengths were affected to a

greater degree than were the moduli. Overall the results showed

that the proDerties of the composite which depend largely on the 3

resin constituenL properties were affected the greatest. These

included interlaminar shear strength, transverse strength and

modulus and compressive strengths (the latter would appear to

be a result of resin softening by plasticization which increases

the tendency toward microbuckling). A somewhat similatr proper-

ties loss in the transverse compressive strength was also

observed for humidity coupled with ultraviolct radiation

(accelerated weathering). Long term (high cyclic Ilevul) fatigtic

performance also was affected deleteriously by humidity coupled

with tht-rmal shocks.

?9fl
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The high-strength graphite/epoxy system were affected

substantially by moisture and moisture/thermal shock condi-

tioning. Again interlaminar shear strength, transverse strength

and modulus and compressive stengths all properties sensitive

to changes in the resin constitient properties, were affected

the greatest.

The high-modulus graphite/epoxy exhibited less deleter-

ious response to moisture than did the boron/epoxy or high

strength graphite/epoxy systems. In fact, the presence of

residual fabrication stresses in the high-modulus graphite/

epoxy system led to some enhancement of the strengths from

9 prior humidity conditioning. However the combined humidity/

thermal conditioning radically affected the high-modulus graphite/

epoxy transverse strength (losses up to 75%) and fatigue behaviors.

9 •The metal matrix composites exhibited very improved

transverse and compressive strength properties over the resin

matrix composites. Losses in fatigue strength due to prior

thermal conditioning were primarily confined to the transverse

dire':tion and were worse for cyclic (thermal) rather than steady-
•r~re rondirinning.

Upon the introduction of these composite materials into

an aerospace c-mponent design, the test engineer could obtain

a rapid reading on the feasibility of their utilization by an

examination of the above properties.

2
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Certain portions of this program have led to other new

questions such as the importance and characterization of resi-

dual fabrication stresses parti-.ularly in the graphite/epoxy

systems.

The role of moisture in degrading (or enhancing) the

mechanical properties of resin matrix composites is not entirely

understood. The complimentary roles of simultaneous heat-cold

cycles and ultraviolet are also vague. Although the data appear

consistent, the frequently confusing nature of the qualitative

and quantitative response implies that, to fully exploit these

composites, further study of the fundamental nature of these

causative factors would be in order.

2 l

II

204



REFERENCES

1. G. Lubin, ;t al., Fi±al Report 'or Contract P33615-69-C-1498,
"Repair Technology for Boron-Epoxy Composites", AFML-TR-71-
270, February 1972.

2. N.Z. Searle and R.C. Hirt, "Ultraviolet Spectral Energy
Distribution of Sunlight", J. Opt Soc. Amer. Vol. 55, No. II,
Nov. 1965, pp 1413-1421.

3. R.C. Hirt, N.Z. Searle, R.G. Schmidt, "Ultraviolet Degradation
of Plastics and the Use of Protective Ultraviolet Absorbers,
Trans. S.P.E. vol 1, No. I Jan. 1961.

* 4. I.H. Updegraff, R.C. Hirt, P. Giesecke, "Energy Measurements
for Correlation Among Indoor and Outdoor Light Stability
Tests, Proc. 17th Annual Meeting of R.P. Div. of S.P.1.

5. R.C. Hirt, . Schmidt, N. D. Searle and A.P. Sullivan,
"Ultraviolet Spectral Energy Distributions of Natural Sun-

* • light and Accelerated Test Light Sources", J. Opt Soc. Amer.
Vol. S No. 7 July 1960, pp 706.

6. Plastec !eport 24, '"4eatherjng of Class Reinforced Plastics:'
Jan. 1966.

S 7. K.G. Kimball, "Effects of Weathering on the Mechanical Pro-
perties of Four Reinforced Plastic Laminates", WADC-TR-55-
319 Supplement 4, October 1962.

8. J.M Fitzgerald Ed. "Analytical Photochemistry & Photochemical
Analysis, Solids Solutions and Polymers, Chapter 9- Analysis
of Methods for St.idy of Photodegradation of Polymers, July
1971.

9. R.C. Ilirt and N.Z. Searle, "Energy Characteristics ot Outdoor
and Indoor, Exposure Sources and Their Relation To The Weather-
ability of Flasuics", Applied Polymer Symposia, No. 4 (1967)
pp 61-83.

10. R. C. Hirt, R. G. Schmidt, N. D. Searle and A. P. Sullivan,
"Ultraviolet Spectral Energy Distributions of NaLural Sun-
light and Accelerated Test Light Sources", J. Opt. Soc.
Amer. Vol. 50, No. 7, (July 1960), pp 706-7113.

II. D. R. Dregen, "How Dependable Are Accelerated Weathering
Tests for Plastics and Finishes", Nov. 29, 1913.

12 S. H. Pinner, "Weathering and Degradation of Plastics",
Gordon and 3reach, Science Publishers Inc., 1966, pp 131

1I 1 HLS[AN CH Wl IITUI L

205



0

13. VermAl M. R. "Weathcrabilitv of Plastic Materials",
Tnterscience Publishers, 1967, 206 pp.

14. Advanced Composites Dt sign Guide Advanced Development
Division, Air Force Materials Laboratory, Air Force
Systems Command, Third Edition January 1973 (Prepared
under Contract No. F33615-71-C-1362).

15. W. T. Freeman and M. D. Campbell, "Thermal Expansion
Characteristics of Graphite Reinforced Composite Materials",
Composite Materials: Testing and Design (Second Conference)
ASTM STP497, 1972, pp 121-142

16. A. A. Famy and A. N. Ragai, "Thermal Expansion of Graphite C
Epoxy Composites", J. Appl. Phys. Vol. 41, No. 13, pp 5112-
5115, 1970.

17. 0. L. Blaknlee, et. a)., "Fabrication, Testing and Design
Studies with Thermal Graphite fiber/Epoxy Resin Composites",
12th National Sampe Symposium.

18. G. S. Springer and S.W.Tsai, Thermal Conductivities of
Unidirectional Moterials", J. Composite Materials, Vol. 1,
1967., py,16, 14 1-;.

19. M. F. Miller, "Development of Improved Metal Matrix FabrL-a-
tion Techniques for Aircraft Structures", Tech. Rept. No.
AFML-TR-71-181, July 1971.

206



APPENDIX I

S

DATA SUMMARY FOR AVCO 5505/BORON COMPOSITES

III1 RLSLANH 1; I t) I h L



TABTE OF CONTENTS

APP'ENDIX I S

Item Description Pages_

1 Table XII - Static Properties Summary - Avco
5505/Boron Composites 209-222

2 Fig. 135 to 201 Static Stress Strain Curves 223-239

3 Table XIII - Fatigue Properties Summary -
Avco 5505/Boron Composites 240-250

4 Figs. 202 to 223 Fatigue S-N Curves 251-256

5 Table XIV - Creep and Stress Rupture Proper-
ties Summary -AVCO 5505/Boron Composites 257-266

6 Figs. 224 to 241 Stress Versus Time To
Rupture Curves 267-271

S7 Figs. 242 to 269 Creep Strain Versus Time
Curves 271-278

208

208

- - ~ A~IUI#



40 fnc 0

.4 C! fl cCr, 02
C; 4ý 0 0 o 0 Q 0 0 o .oG0

-. f N G ~ o' - . ~ Q -C*P*

CL-4 - ,,. .

k. I1
.f4OV80

d a

V6 6 6

0' 4 009



'IL

5?~ -Y Y.

el 0 4 0 N 0

InI0

C5

-l .0 0

U~~~ n 0n



a0

C3

44

0- N -C m e4

m

ol a, a, , ol o.

211.



9 
00

-,~~0 0 'T00 0O00O

%r, 0z k 0) 0. 0 to be 6

Y. 0I

Q -i

0o v.) IA Il &A1 W4 W)0 I

tn in LA Lm 0r 0 C V% 0 0 M 0 0

LIN A 4r -n W- 4n% LN o.` ^

~ I Ii212



H0 I- 00%2

-4C - -

I UD

Int-

0' in in C4 C) U' -n

0 0 0 0 0 -o00 00

u L;

.1 -I-x

-- A IWi in -g i-

I- i in IN 4 i nfl4% 1zn
j~ ~~~~" *c X

.i w. - 4 b.. Lo . O

I... -

u L,

a.u U uu u



0C, v 0 en 0 0 a

'I

c r; u0 C

r- L C C:~

t

- L.. . . ia. , • L 14. , a , I U I,

w n+

.- * ' .- .. --,,, • ,.,., ,. , *,,. ,

214 ' .

I ." .• o o ,-- • .,- . U U U a

'4, *n,:. u -. '•. . *. t

S... 4 ) .. I. J x x z

a o C - ' ,i_- - 'i

I. I. I. C C C C C ~

:4I ~

- -L -1 -? - . -1

214



C7 ,; C I I

: ::
C61

-16 W "I In 11 A cn f A

c c

21



a a

Q C 0 @4 @4 - ID

&74

Si0 2 0 I 0' 0

a a 0 0 0 0a a a21

- W 
aW

1A

In SC . . . . . . . . . . '0 ') 'C 'C

o. o 8 4 .4 -. 1 4... 4 .4o 1 . .4 .4 4

216



)0

0 'a

~~- ~~0 0 04 4 8 * 4 I I .

0 0 00 0 0 IQ

WN1. 'D ND 'D In ~ 10n 0 0
- . ~ n a A A 5 In m

a r

3%,

b. C.0 0 P



26 10 N Y m N -4

,4 .-4 .44 . 4

'0 4

.4 ~~~- N , 4

In~I 1V'I.

*1l lf 10 43 ~ AI IA 10 %QI L"0 VA n ."v

.0 0990 00 G0 0 0 0 0 Q vClC
4' I, I ' 4 4 ' . 4 ' ý4 ý4 . -A 4' ' 4 4' 1.

o 0 0 0 0 0 0 0 0
o 0 0 0 0 0 0 0 0) 0) 0

0 0 0, 0, 0 0 0 0 0 0 0 4 .



ID

CL <

0

P P4

442> 0 0 9



.9 A

@0 0@ @0

n -,- 3 " - " -

w s• .8 8 8 8 8-8 8

I -

220

/r



- ___ - - � w�� -U- -

It I

C
-.4

0 0 0 0 0 0 0 0
* r� IS - - * Pd j * V'I �

* . . 0 0 I .-d 0 - -. � .0
- - .0 .0 4 � F-.

I

� �

C 0 - � @� -, 0

- a 4

-- � . , - -- . - N I

00 00 00 00

.0
0

?*. 0* I I

* I�.

F I
6. 6. 6. 6. � 6. 6.

I*. z 09 �
-4' F� .0

U-' �

*1. 1
.2

.', .� - .

1.0 90 & && .3 � �
0 0 0 0 0 9 0 0 0� 0 8 0 8

� c� 0 0 0 0 0 0 0 0 0 0 0 0
*n t� '1 - - r - - Ii' �' - -

6. 6. . 6. 6. 6. 6. 6. 6. 6. 6. 6. 6. 6. 6.
a] 0 A

.4 0 0 0 0 0 0 0 0 .4 0 0 0 0 0 0 0 0
.0 4' � P .. 4P IP .0 �C .0 0
04 04 04 04 r, ., r, , r� 04 04 04 (4 fl m (�. in

$

cZ C CCCCCC
0 CO�flOOO
-. 4 .4 ..4 - ..d - ..4 -

U
o * to a U a
a tC&�LtZLCC-W '' Ci Ci to a to

*.-d -.4 .4 .. 4 .4 -.4 *M

U - U U a a

ii a 4' @4 a 4' 44 @4 4' 0 0 0 0 C., 0 0 0
V & 4 4> 4> 4 4 'V .4 U .4 � .4 .4 .4 .4

a a to to U '41 01 a a
L-, b> ,, l�

0 0 0 0 0 0 0 0

� r� .- , in .4.4.4.4.4.4.4.4

-'-I '0 I'-� *,r¶

�

£21

4.

'I_________________________ _ A



:R Q ;

4.. 22 2 C

* ~ ~ ~ ~ I 4pa ..

4n m4

4pi i

- p.* *g p.1222



I � - - -- - --

32
I ___

-- 2 -� I
-I � ___

8

- ___ ____

- -- - II I---
* � -ii 4

-I

-- I
U �sM I-
a 

a

-a-- �

DAISS3UiW .u minis uwus.

I
I Lo� I�

.3

2 C

___ - I I � .3

* 8
C II � �-- -�gB

I I
__ __ __I---,.

Id -�

__ 
�ij�

__ ____ I - V. -.

-I �
S

____ ____ _____ I ____ 
� C

�ijiI�
*5I S5�3I

22]



3 ,r, -- -

L- 
C

i -.

- _- "ii -- i'FA: -i C

---- '8!- I

SO "

-•) : - -' -' i - .l!• I

i ,i ,~ I - '*111 .1 S

6\ I l~ , ~l

a ~o

224



* I

-r -- -- I!___ I
i _ _ I.

-liii *�i -___ I
I

- - - �Ii! - _____

____ ____ 1� I
____ _____ -� - I

-- II -

- -- -

- -- A I

* - I* I

NBU� �M 3�I�i) I

*

*
- -

* B - -, -

I
- -- �!�� I

* Kill! P1 1 ____ ____

II!
�

uI!I 2111
-I-- -.- II

I

-4
l�1

L
-'

OW OSUMAS



-~ 0 1

- -

!-,~

----- S

-2 o

I I i

aI . iZ

\_ _ -, ,

----
I

- - - • -I---

-/- 
.:.. .. , .- -_r

-.... ... ....... .. . .... . .. .

,• ]i i im • • i • nl • i w mn ~ lm l l SUi L • M '3 M dU O n m • m ie



- - -� -�

---- I - - _

- --- IL I-.
Al i - - - -I

- - - -

_ III -

4 -- - I, -

- - -

U --

- - - - ) a
* -g -

-4

E * I�i
_---------------------U t��I -

0 .�- � � .. ,.A.. '� *u� swum

em.� inuinm

S XII - ___ ____ -g

- f
I ___

* zzh- --

1��j I I *Iu

I - j

I hI �

227



U

Li

I
I

-- 4- 1

- -------

- --.-- 4- , -- I

K &

I �

I
* - *-� -�

S
I + � 1T�F -

118 11iW1�

s��3UA5 WY�WI

I

F- � 1' -7--1
I:

K , I S

-� - - S

I

* U
I

N �

-- I----- 0'

NJ - -

* .8 I
�Y3H� I i �-. 6

Il�I



- I•t•

I r

I N I Num

', , iimi u

1 I i l . *.

_ _ _ _ I _ _ _ 3 F

.. . .- -, _ _,_ ___. _ _,
• __" -] -1III I III !IlI I II I I a



ILI

I owl 01WAS -*w'' u

230a



_____________________ 21. - .-.--- -

_ I I I',
* - C

I - I
I

S - ��ti -

2

a - -I. -- ___ SI �
_____ _____ ____ �

___ -- � ii!
I-

A �

El SN)miaji �aino�

I I
I,

I
- a

* I -. - I
I t I

2 i S.-

* II ---I---

___����2
* _ - I

I � 231 �



wo

; /_ 

-

0

i~sulMINISwmmwI
-~~ -is 2 si i! is43

....-.....

-110 W34OL Lk 

6d



101

I IW _ _MSmml" 0

ut'ul



rf7IL I

'000

t ~ ~ WE 8-@ #ll

ii~~ 234



I

----- 1--i-
- - - - -- I

* - - - - I

1= ___

C- &
A

£

-

q18 UIDS gs�

K ' ----1 ___ ------- � �.

� t -- - -- - -� .--

* __ -I � - ___ ___

I I I

- --.-.--- - III-
I I 4-

I aj�' I
-I------ I

0 -� i -�

I �I' ___

I -<

�uE.U��L5 �Y3� ,B� IDWZ MVIHI

2 �5



iS

- I 

F 
I

:- !; -! .-. .
-

-

I 

•, 

e

-

S

11 1 111 "is Ism
.

I BN U 
inU 

|

___ S

I~ l .ll$tlll 

llll°$11t/.

ii] i i _ 
- i i 

-
-

1 
i i i ii i - ,, 

3=• 

== ,1 l= i • .=•= 
.=••=



_V.
I

I!
I

-- -- - -

-a-- -

I - - ___

S ---- -- 1--

* __ I __

* *aIiI3U�S 4� 'II�AI

I
* - fri [

-t I
* I - It I I I4 K I �

� - L
I 'III S3�i5 IMISIUdUO2 �is� :siws iajisjujuon

4

37 F

- - - -� -



S~I

--. .h.

- I I I

, i:( -iii

\ I

aa

S.... ImmR•,



1-7

;1,1 NAA :osu

I, --T
111m =A isRIS



i (.;

! ............ ..........• . .

.. .. . . . . .. . . .. . . .• . . . . . . . .

.4 S

;8[t a. . . . . . . . . . . . .. . . . . ..*

: I•] ttHGGGGGGG G Gll Gtl I G G G G. I

I, k. 2'1ffifi lI HJM I, ilJl

B C o Z a a*B0B*n o a a

.- -. .' .* .. ..a

*IB a,4 a l ada a , a , a .B *1

;- -1 -

240

.4'4



..... ,_... ..

Zo W., ww. w so"

EU .4 4C

.c.

j * * a I 4 4 4

S4. ........ ....... . I.. . . .4 .

4 i

t14~f -Z a, t

W-.,e .- 4 e V, In - - N N1

In In mm In NN let InONM r..

I4 C

I-.4 -C p,, #a1 ,1

* . .4 On P...Is - 0 In,

[p , ,

.•. +.' • ',+. .•+t .• .,+ .•. .• ,, • -- , ' ,. ,I -1 -,.. -,ii .-i ,,i

0000000000 * 114 VI Ii 1i

SU I iS i i 1 5 1 1 4 1i, 14i I 4 IiI i i i i I i 4 I i

4',.+.010 .-I+, l. C~...+_ _, N I• 4 . .0.r. 'O - '= ~ 0' • .-• a <J.N.. . . . . . . ' ' ' ' - .1:,' ,•* 11,4111 I 4ooooo.l-l, S"-I , I o " . . .

E r -- '-.~ ~-, -~r'~- IIi



wh 41 4 II ý 6 j u v w w 4

0 5 0 a P 0 0 0

I -z * *

000 000 00' c 0a 0 a)

'142



4A

.n -a loR c 8 0s Uswt, 40

cLrc

a:1 a 5f 5AAIIIflo§s
-g~ --e - ---- - -

m ~ -M Ma -44r4 Itm CM "mmo~ n4 4e

-i t T4 nno~ a, v-4 r-. nw" n~ .4 Q

S ~ s K~4M U". itM ra

- ~~434. 9



in4

i, ~ , . , 34 . 444431 G ll I IIIi

SC . . .. .

2-z

* GA

.( . . .'. ..0 44.. . . . . . .

16.5 ¶ A 4 A I a I II I 11a 1a0-001 ., * Co', ae 00 0-

* ~ ~ ~ ~~ . 4. . . .4,. . . . .... h .. .. 1....

lu .' . . . . . . S - - -

w z~ z... z 4..44 444(l.i 44 z I aI

- ~ x~z0 ~ ~ Z244



U0 54,

uIL x - I'-Ii.

.- .U . ...

4,.- OD MN 10 G l' aL .0 NL

ag 0, 0 go

-u -. I i - - -

*u 1' u uK

I ~ ~ ~ 1 - U-.4' ii

UU lg I UI IULI

Ini In I" M In
UUJU. m U IJ USJ . ..

~ 000 0 Q000 Q 0 0 0 00 0 >000 0 0

-. ~ ~~~ ~ ~ .(Lii 0.0 .
4
L.C.L .i.oo. . .0 0 L. . .O.U

a,.af~ 0.-irnMCD

Iii 0 CiI I l ii g l ,I, In 10 1,1e

] ) 01T n'T i ri~~ L~1 00 C0 C) C) 0088

, ) LýO 245



CI 0

I~ 14 1: -4 0

.1., 0... . .. 44Z44 0"D

00 1

1'1

-'Ox,

I c I

I- -u 0ul ul

. .. .. .. . .

.tC- C--I 00 r . ... . .. . . . . .. . . .

;l, v 4.

r '1•4.. . . Nl',t ' 1,, , 40, 40,, r 14411, i (1 41,4 N 440 .t , 1 44) r

I I - t-n, .n ", -, .. ..., 4 , .0.4 3I .t . .t r' 0.. 3, 4, , , 'i'n 01'.1 ~ ....... ' 010 £; -4 'I), •-' 114-.- 2I43O

Cr000 -'0C 00C 0C.' 0 000 000

I ~ tt~~ 140,1404% I~k .0 012/..14



644 c . 4. 04 C:4 ý . .

0 00

C- -'-. 44 4

cc ~ ~ U, 141 4

tu .u u w 0 ,U
- 4.4 (- 'ý ()Q

u I

400

t, , , t4 LP'.,

Qi -44-



.I .. . . . .

P- P, I. U 1

o 11

0u U *1 7 ju ~

88I 8 9 88 8 5 8 8 8 -

r- 'r- c; 6c . caccc6 6

- - - - - -' -. - -

-~ ~ ~~~ý 'U D400' 0~c)'. 01'4'1 4 2a005" o05, !005'*44
W NIt3 It W.~.. W~rrr 3.rc V ~ ~ 4 IK :K W.s



4t U)4

Oi D &. W Wg

x m z C ;U .x Q- ý.1 1) ulIu ~ V pUq

c- Q Q C

Li 0- C. I-, &-I- C- 4DI- zý

'IC 
C 4

CQ i0 C' 0t . ilit 0t 0

a4r0 'v go

t- el C C , n 0C
a Nf ZMK b b rho* - -t ni



4 3

U

•C8

U U

8 88 8• 8 88 •88g88 8 88

3! • -3.-,. • '

'A In
U-.m

' 0

oý coC C

..- • .. .. • • .- • = . ... . . . . . : -. . . .. . . . . . . . .. . . . . . .

"" - ]

-~ - - -

. '0 I .. 17' .N . , -I . .1

ag l :51 -11O :S5:: 1.~0' ',3

-36 7

-. - ~ ~ .- ~4~NG~g .0NO O



~I!7171 I ,
i. -' 

0+

+ .. + +++; + +__.I , I I. 
- -,

I 'I 
•

I

k.,~

S -t

I 3 j IIMSS• ~ Y

.41
ft i + t

0=I ,iI fI i Sl. I 1L

_.___.__l_-_ . I. _ 7 7 7 7 77• ...... 7 . .. - -_,• JL - _... .--..... ._ _- - -



-12

iiiAi

. .. ...



r
V
I

o

o I �
�

I �
U 3

I I
-� I

- ,::-: - I-- ��1u
V1� 3k Uk�I ftflk�WU

---- -�g

* I w

B 0

.. I. < C.
* .-, .. 701.

-- 0

- '�1 p

I �I
L

I-AK
I I

II� I I
I I I

� -� r 3k

,) ,'� --i

-,.�--�-�-------"-�-------- --



IL-A

is I* ad g- =

0 il

-m- WOW

251

ll.

-Fp.I 

0

b-S-,;J.



B

�rrTfl7O

I

- � .1
- - I

3 3

-� * a.

- -. - - - .- - - - -------

C ,..

---V U -- -

Ij
II

-�=4��L �i;L: C- iL;*iizL,:-�.- a

-'9

.. -------- -t V

0

.- C
Ii

.4 �,. 4- -�-1- ' H * B -i .
II 'I, I'

I ii

I, .41. -� -F . ,--+4 t--f��f A
iIt�I �uI r

* I; I! *'*�' >1

�I�W4 1p�� L� �.. I tItZtT..
*" *�4 Sb. *I�� 4�fl

255



I1

i31

I

14 -

I 
Lil

4 4i 4,

' _2+ 
5

T. ± 

j'14[



K 0 *4

- �

I .� .�

- .M..
� .- � oeo
£ I.. .a�

4
� ae-e -�

.8S8. � -�'a.

I-n.--,. =

$ , I

I--

'� :1772 '�'
-, 5J� �f'�

I � � M

z�.

*
-

3

� �Ji� �
*

I � C - �. ( �LC. C

.- ' t.oc�o.-:� o�co� � �c�o-i cccl

- � rrtrflrr. r�,-tn-. r-rr, ... ,,.--'---,I � �2O CO�r. .�.)Q

S.

.tA�, It - I t�0L

I � �
;.E'kr u:zrn� U3

--7

A



Ic r

GO 0

c. C,00000 00C

- * 3*4* -4 4

~ 4421 4I J i;iiii14

7- - --- '41

I, - 4 04C r4 I I 440 r "nL(,I 444*r

-~~~~~~ m, x Rt r an W.2- 6;...- 1.9nt

- .4 258



.;•M p 3 "3 ,
II

o ,. ,(, w

Ai I. .,

II

a 7 011 MCI I•I €I Cc, (01 9

Q. . . . ... , . . . . . . . . . .

- 00t *-4O -400 0 0 2C

-,. ,m m m - - - -o w °

. .czcen~V•e •,--0,• , , . .. , 0-4.,

, 00 0 0.0 ? I nInI .4I

('4'r0,e rJDa rr -erreI,, err

+ * +++++• +++-+

~ fl~C U. ~ tC C. F--
S.: . + . + +:... .-.. + . .. . .. . • +,• ?+a.

.11~ 0-'

-. . . . .. . .... .. . . ... ..... .e '1 .

• m.l~l ~ i~i-• • •i i



C r C c

*~ r4 c a
4 1 41 v 41 41 M 1

194 ,-0 1. it.t
v 0C cJl

< ~ ~ A A O

q qqiiL

A ~ ~~~ Lti ~ , A aa

I ~t L~EtE0



ci c

ai4 fi 'c Mrl o e -00

c-.-.-1- 0 0

K 60a

no goon #

* - -I-

-~~ 0.4ý C -

QD .0
0- Cmx rVS- 0ý at 0l m -J 01 (710a 0

.0 ~ ~ ~ ~ 1 M~ Ina-I -a Irao
- - -- - --' --

F-L UX

c-~ r- .f.0 E- c

61 T11 0,an0 Y

C) -a 0 0~r--- 0 0000aI 0raJC coo 0

F-LI 1 COQC. 01 10 1~0 10 0 d'7O 01 47,'a

37 0 CC -0-.14(1 89

0ý ir 'r 7,2z z 7,7712ý 21: w7 '~

~ ~ ~ -~&~o 0001



0000

UL.0~0

a4 0. 6.el& 0 $

'D 0 'D 10

41 41 ~ 1. 4 0 00 0
oG

.o' 10 %i, a a M ar tam 6 In

41 41 41 -

I, >

-i41-
c-- 0* C,0( C 0 >~0.- ~ .ii a .s, H S a41

la -0 10f0

OF ~ ~ l~

hO a

0O.00000. 00 00000 00 ýC ; ýC ;C

N mO0O m 114 414144 4144I' i "

.4-~ Q- 0- a*a gs aHU U U4J
I ý44L I. 141 -oU ý ý -*)~ 5 *

- ~ ~ ~ ~ x x xZZx UOLmL mJ) U ( J

g 262



61

tt ...
r4.

4D C> --.4 ~ 0 ' Cý

-3-

OD Q~ ~ ~ ~ -m--oa00 ý2 0 W 0w m Q- a.m0C

W I In L - n *n * 5) 10 Q 0 V) W IM 0 S

~~~.~w 10 6 w a 3  ~ a 0 r '

19 is .0 0 . ..- .9' .9a 0 ..9 .@ .u t.Ls , c t~o~ao cc ~ @aa bcr No w'~O~ 0' KQU v)6 09n i n I L - A M §

0000 0000 0z 000,01 0 00 0 0000 1 L M n-A L
t~ r i ý N'-r NNCSN n9-9-C mII N ý m M MN N mM~

0 w Q iu u

ý ,wiw " ~ .~ I w 1" I j4. 006900 ;

4J 0n 0,

DOCCa; 0 a.9 OC, 0 c0 00 0a)a0 a000 0 0C)000ui

.- 4~~ ~ 1''0's7

0 0 ~ch0 0 n n n., ro C



a~ T)

Q' cc -o do.3 ,a a% c O

El1 .c. -l -

WN In Im
rT, M --- . . . nA -nMI

2. . 6 NZZ . I.. A .1 .

A 4 A 4t42 n ~ f" fnU V$m0 nmf

4aa

o a,- cz,- 0 N r4 N I I flo

...... UN o4%ý ' ,mv ,ý

.4 d a, a, a,4a,

126



W R
4: 4 4 , . 2 I.- .- - 4-

0 C0 44444

a- 00 v 44, 7. w~ ; s e, mnn au

r, M. fn n- m4 C4N iMMme

0 0000 0 0 0 0 0 0 0 0 0

u u'u U(.)C(J u 44uu i u 0.0.0u u u uu

> > >- . > 
6.44.

4.14

m4. In4~4 Ir4V m .04 n

44 .43H

2): V t z z~44 z' 4-z~- 04)04 Q
4 4

'4 c 0 Z.f 4 0r

.4 4~4 '~'0~ 44 00 .0 444-~~ 0400265.0 w



1c,. OCC*

*~~~- C c

w .0

'-,

i C oi 0 C,~I C, C, 0O

to ~ Inmm

of- OU U UL U Qu u u

V I 2 0 UUU JU UUC.C4

LM 0 0,M l

*00000 ,,CC

0000~0 0110

~~u u

266



I - -i •

I- -• - . . . . '" - ...I -- "

1 L 1

* I. I ' j .4

.1* _ 
' f1 3I-.!"

S .. ... I~ t .....
I l j

Ia i'Illl ,• I, II'lllJ Jll1]l

.. IN



r v ti�r- YF1Ff ul
a

I -- -

-jI - A - -g

� U

-] 'Ii-

'I I IN I -. g

$ -4-i .I

ii 0

, 

'U

- S - - ,*g -

* IN SI��I 1�IA

wS�WkAS N �NUIh

Dl B

- -�---*� �

--I--- - - -�---- - ii;

41- I �' :�� ri
II � I Ii

-- r; �
268

---- C



I i E

'I 
I

I -• -+ + I -

S -, + ii+ i +

* 
I+u.

I I

SI , '' 
-,

jj t _-, 2

SkII I I_-IIF ++ ~ l
S.~ ¶

L !



!I

hi- _ __ ,

'It -[-- -- ii

SI 3 3

-il I -i -t' *Bill

rp~ I 70



it
LI

ia

j1.
I,;_

S, I d

II 5 I I 1

! I L ,

-_ * - * • a

a 
_

I II



I
YTr�i *-�' 1

I I �

III
I , I * I

*

- -- -. 2 *.1

U

I - r

-, I
K K.

I. - I

I, I
I I

1. I
- T I -

I. 2 �t. ��LL g

iu'ue �I N 101J1NWI �3WIV�ABit
I I

� *1

-o I
- I 'I,

'I I -�

I -

I I I -

_ I_ ... JiJL4i.J�1,11 _

p I4Iy�j5

I. I '-



-~71-

UE
T2T

W 1010-11 *VXS olx olm-WIlplom

TR T 0

ril I- I- NO-- 910WYA fxiim )pNTA

773 >



lbI

7 2

So x I - w il f- -m -0 
ItIol" - 0) NIN

,01.1111 x I mum Uip omWtoxNJM I) 1w

74 C



1 L

T2

L-43

4 *

275----------------------------------------------------------------



U

--I--.- -

BIe � 1 0
I

£ I S

(I -------------- � 15 0
- ---'II -

I�I I

�p h ill
--.................- �--e�

I U

t

- ----------- RU

0

DUIWM - - -I--- � -�- - C)

- - *� I

I I;;
I -- -

- I V -I I :i� * t --

V I (
U 

�f.

�a C

C 'III Ii.I.�A�h * 11111

.. �L..... -

I- -.. �
tOIrEhINI.@ �NgYfA*

276

A



ON~ 

-

I mu 
--

a w ~ ~ ~ ~ x M N - I ) i v

27



I R- m

g °•-ill....

-1

, S

J1 

R



APPENDIX II

DATA SUMMARY FOR 10 IAOR II GRAPHITE/NARMCO 5206 COMPOSITES

3

3

1iT RESEARCH INSTITTE

279

-4W



TABLE OF CONTENTS

APPENDIX II

Item Description Pages

1 Table XV - Static Properties Summary - Narmco
5206/Modmor II Graphite Composites 281-295

2 Figs. 270 to 335 Static Stress-Strain Curves 296-312

3 Table XVI - Fatigue Properties Summary - Narmco

5206/Modmor IJ. Graphite Composites 313-323

4 Figs. 336 to 358 Fatigue S-N Curves 314-329

5 Table XVII - Creep and Stress Rupture Pro-
perties Summary - Narmco 5206/Modmor II
Graphite Composites 330-339

6 Fgs. 359 to 373 Stress Rupture Curves 340-343 0

7 Figs. 374 to 405 Creep Strain Versus
Time Curves 343-351

2

I

280

-I Il I I I I - -I --1 II I--= I I III III - --- I



0 .0 c- O0 -J *"' 7 0 ", 0 - " 4*.0 C, 0 .0 0 0 0

A A 4

@n r 4 ( 4 .

II

' .0 NC

Ix IfI)

17- Qi f C

o o Z
c* r, CF 01 '-Y 0' .0 m . 4),f



.0 In OC 0"CC i- CC r I - CCC 9 4 * * 9 9 9 •

sw 1 .7 moo

0 . . . . .C. . .. . . . . . .

in t0 • 6 0 ZD - S 2 ' 9
w 4 C C m

CC CC 0 0 0 0 CC 000D O 0 0 O 0

.9 C)0

"" z- w

I ow
04 044

IIO

fj cmao W l0 0 r, r p p r 0 - 14 0 " 0 0 - 0

u ~ L) 14 .1

4; :- 4. 4. .I4 .; .4

ýr 
- C q

282

* N C 4. 4) 0 04 04 U 04 U 04 . -



"Al "1 C . ~ ~ 0 4 4'

0e '4 W9 14 W r4 r4 In

'C ~ ~ ~ ~ ~ 0 -)' ' ' C'4.

ijC .u C.C

I1
U) N. uC u t5

0-0

Q Q,

C) 4 <) '5) i a 0 0 0 0a * ~ -

C51 0' 'C'r:

263



wC,

A w~

01

lu C, f- C4 C- r4

.44

* - 0 0 - - - 0 - -'

0.-- - -jil284



C4 f

0 0

Cd Cd 1- ! N w ml
a' ~ ~ ~ * , s40-N ~ 40

rl~~- C 4 In eaC4 f C4 in

aaA

62 m! r 4 N t t ot &e co

003 000p 1 00,5 3

C I S N S S a C a , C4 (1 5 ý -4I 0 4 Ch Q

N ............



:4 ~ r _ 4

I ~A

0 0 01 0 0

~~ a 00 6c00 W % a

4 0 00 a, 00 00 0ý, C,00

ItI

F-D- -0 n 0 *0 *0 * 0 %M

N a 'I N N In

I-.4

140 U

14. -" 4 14 1 "14

96 g 6

Ln~~ Iý L n I

U ~S - S S U286U



OW

- ~AA

D IT

C-4 md 4f" t U 4 0 Ix 14 fn e4 I1 S N1 I"

LC 4 0, .4o 0 - ULmN U

4 I4ý u n
U1 u

It b
LI InLI.4V

: Q- 0cc 0 0 0 m

=* r* I att M- CAu CA

11 .Q 4 4

-4V

a~ 3' 7



C 00 0 0 0 0 0 0 0 000 0
0 "1 C4 co l -4 'n 'D - 0, Oý&

A rl W ~~D 4- D M N 4 C

_ 4 fn 0 M e I m 0n C 04

Lnj V- 4 0 o 0 0 co 0 ý C~0 4 14 C4 t1N

M- 14 .-4 -1 4

f tn

J- .- - 4 4 -

00

c

r r

a'-~~o SoN 5

-90



Aft. 0. - -

3r-~9. C4N 0% 1

-,~ ~~~~0- 0!N* 4 0 . .4 E ~ ~ .

-4 04 -4 4 ~. 4 E ~ - 44 04 N 4 F

bJ bd. . 4 Ok *

- e~4 - 4 -. .-d fn C4 fn fn~ ,

W . 0 0 0 Q . C

u4 I. S. S . 1 4. 5 14. (n (I, 4 . , 1,4 CA5 . . h 5

-4 -4 ý4 10 -4 -. 4 ~ 4 4~ F4 40k,

I.~ .. . '-F4 - F F -

tn WN In
in- ev P,.

n % n 0n 0 n v% LA0



r -4 - h -,

u33~

r- o C) C 0 ;D C3 0 o- D 03

a 4 .d0 30 0m In n 1 V D a

V4 4 "4 0 0 ,4 4 "14" 1 "

11- 0c 0o 0o 00 0 0 1

-! ?1 0 01

144

I290



AA

* 0 0

4 . 4 w k W S4 1. M 1 . W S.

C3 0 0 C 0 0

/ - I

Q IC D C IC ) 0 (> C > 0 C ý C
,a 10'IV w n . L 0 I 1 0 L n

-. h EA o A En W t n S

-4 ~ ~ ~ ~ ý 4 4

0 0 0 0 0 0 0 o o o o4

IA I ' i' A I .4 .4 U) U
c i . . 4 4 4 . . 4 4 4 . . 4 4

14-4 a a a a a . a * * 9i



0n en -M10 
4 t

00

1. 4

N44.

F- . 0

a 3a 0 0 0 0 o0 0 0 0a o o

00

Cý 88888888a cp



0 0 0 0 0 0I
00 In O In

r4 (IN doS I

I -l Q

V

K.: EI. w S.4 - - -

IIN

C) a- ' 0 0 ca

lLi

o D 0 0 0 0 0 D

1- 4 1.4 - - ' -. S

a) I c 3 3 [

Ur U

AD" 'C 'Cý C

U~ ~ -, 2



'i V 0 cr 0 0 0
-. .ý 40 U4 :, o- 04 0, 0n A

ANA C-4 ,j ( q - y 0 r % (N AID

1: 0 CA 0 0IC 0 a

a, m

At,4 A A A4 A0 A A1 0

00 00 c

1) In A' w1 (-A- 0 1 c~

00 0

U :-A AD 00

A...

A, :. U U > . C) U > J ' r
Q 0 0 0D 0 ý 0 0 0D C 0 0A

r~I" -CI ID 0` 0W -100 0 0 0
u. 01 CA 11 C" 11 01

~~c *r 4l c- 9: t 4 - ) 44 ~ 4 4 Il *4

i..C!- -~ I 4. 4 . 4. . j* 4 . 4. -* .. 4,
N'*

!-a -,Z ic. I'D 10 1. ~

. 2, 0 1 a, a r a

c c'

i-. O U U U U U U L)U U U 94



0P 0

(I ^

ccLrr. ,. (0 -4 '0 U -. U 0 .

00

14 I9.-

C) ~ ~ ' 0. 0 01'n Lp
• N rN N N U

.29

CDc)a0 0 0 0C>0 0c ý0 0 DC

I~ ~ En M. 14. (n. w.1. 1. 1 4 14. 14., 64. w4 4 a

a I t tn C 0 ( 0 0

(. n U 1 1 . (. A4 P4 . . 1- 4

40

295



II

1~ -r--r

- - 0

- - *I '

- - --I - i[ I

S 2 9 1981 MM

296

, . II

-- I J • - I-h~ t I -I !I .l'Ia -,i - --

1!g
i296



p.1

I ItSOAM wn



0

I

Ii � ii - __ j�0 1 0
I �:

* U _____ VI

� 1.1 - I
iii - - - � 1! 0

- -'ill
liii ____ Iii

____ eul
U a

- - - - _ 2� I
_ I; __ _ II

I 1*
a

L .. � U

N� a8 � bIW * 5S�1S

0
����1��� I

g

- -

0 - I
nz .,,. :1i��i -- � I � - ¶74 -'

-II 2
t -- 4

1*--1----- * 5 2

I..

#11W) �iI � ... LL.L.L .A.A�....L.. I

t�I IIDUJI

298



IN

tI L iIlw -osA=V*

-I s.,11m



0II - _ _ - I

- ~ ai - - -

. - - -- _let

104 'IWA VV"

a300



-� -- - WIW

[ �������1���� 
- -- i....................................

I � � I

- -- - -

g

-.- I
I t�.

-T 
-- -I �I 

-

9126 11JUl26 6126

I*
3 

0

I
�0I:I� 

-�

* _ 
__ _

-V--d �..

-K



IL

K 6 1

la '.61 S M3ifits a ~U mi3AUm

7I77~ low 9Sý1 xv0

302 C



"_ __- i °

\i ii \_ 8i .

++ 
!i

- - - - - ? - -

__ 
8

- 03

3.. __ -J~



'I II�V C

3 - -

I -; !�

iII� -- 4I I -I - I

uuws�mb��2i91� Ljz4 z�z�

�- -I--- � � -�

1j�; : ____

I

j i� I

i IIL-- lIjt S

----1 - R

-1 .-. s-- � S
I�,.

11£ 'It�WJA

1'__________ ____ ______



1 .h r I

- - - I i * - -- _ -i

-I -,I ,- .

- - h
Is!

S - - - I, ii i • a•

aA

k I I

305



-T-i

-l-DI -*i-4

- -- - J °

F •

S i i i " II I

,I s - -+ ,.

I-__.__ - ,_ - I 8

~I I l) III 
5,I•

lII IS"II AE

306



jI ; - - - - - --

. _,

* - -! -= -- j

-- - fI• I 1Jl

S i II - A

ii'Sii- ~ ~~I t III I - i l I I



- -. Y*- - 0 S

___ - I � ___ ___ R

1 -

---- -� Ii� ___ - g 8

- ---�t - ____ ___ -----

'4' e t

S C 4
J -'S 'S* S

L

SN SS)�1I S
-�- �

te� WUMAR uW34

- � I
4 1 1

S
7 *�, at

- - __ __ -* �* -V ir
S -

5- U

�

__ 5- IIi� S

II� - -

___ - -� �

a

---- ,---- S

s� muuia uvuw
-J-- -- 4-- -

I U ?1

2



V ���1��� -I

ii! -- -i �I. - -� �*§

I. 'ID
'Ii Iii

VI. 
-

m�m363U&I ,su, minim �

-- I -I
--- I 3 -

U h -; �
5.2 II

!:�I !� II
- S F'.. I

-in- I ii!
'�j; -1

* -
___ -- - �I - 'III

S
- �fl

-- Ii
* � - iz1i� -�

01W WilliS

ismuusrn�a 3MU3Ud�O�

31J�1

-*--'-.u �d



itJ

i ~~' n •

- \ I

- I 
_ _ _ 

I 

lll ~

S iIi iij
t•I



S I 0

- - SI�* 3
U £

- S 4

aI I �
- - � � I

- - - F I!� - -- - - iii �
-- ___ 'I' CIiI

TI�

U
- - -- - - � U

S __ -- __ - - - - -- 4

V
- �

*IS* W)A3

S
1T-.

S - 3 3

� I �

- -3 �
� I � ,

ie r 5
t I

S 5 1 a

-1-!IiI ___ ___ 2.- 'Iii F
- - - I ___ ___ 1'

____ ____ - -- Sc�

__

__ I
U �
flUUI UA* h�

IN OSSLS I
�1 � j



° - it'
- it

i ii
!

•ES

ggu m• • "•

Ul!

-'----S

I di
Io

_____ -- •V \ K

_ •~

m•312 /
a 

- /,L



W- .-4 -0

-u. . .

~~9~-9~~.,-* 0 a..-. .4 0 'm 0

z-.44 x444. z 4 z e44z r

c4 u0 014401 0 ~ 14 C, Q01C ; C 0'C 0' C; o 01

thS Y 9.9 9494-.9 x-. x9 * 2. x 9"r.T

II ~U 4313



4' CL

~ V4

P . m to a-e-.a,

to 4' ' - ' 4 ' ' 5 '

. .~ .~ . ...

oT 44 1

In "1~ 1- In m0' 1 " 1 0

lw. . . . '

'0 o ~ 00ý 0 . . owa wa , ..

A~ ~~ A,0 N 1 1

~ -314



1-4

M4 4) 4.. C I

4fl4

44n,

4)'

C) 0-4. C4'

oc oo I,0 0 c C

t ao -- i

(Z) (a- C ,

- - Cincoininoinin-~~ o0 0' c' i F ,0 0 n r 0 in nC

4) ~~ r-nIcý'r- M4 zc inr4 .i~ m ' m Go a' a' to 4 iNon i

nIj

00 cc.. c o Coc OQ . * C,* 0 0 £ o

4j4
*c =

Sv

ad- c C

S coo o o C0 00 00 in in in in in in in in a 8

Kb o e n. p' r~. 0 0' a'l' 0ý 04 M: 0'' C? C0' o 0%

ow M li i' P, Ir 1 1 r
2 'S 24



b6.

-4~c ý -..
v)~

4j - - - a -4'~-
* fl U ,.4 4.. .~ 0~. .4...4. -- *In

* ~ ~ ~ o In. -- Sou u u u~u U UU U .4

p - 0 a .i - o
AD It - - 0IID o QQn

&Im 4-4( N N mln M~

cl0 1-- NOI §

U l b. 2S '

-9 c-o ~ o . L~,fI . 11.0 :1 .n.. 00C:c

-4 ~-Q -o- -D Q,44-- a,4-
u o 00 00c' r -0 - U

LD I~ nA A (1 .cf V .1

W'



4, L.

17 4 z .

4 ~ ~ ~ ~ - 2,1.0V ~ -1

V0 0 .D 0 W0 m 0 D 0 4DF 4

C, 0 0aa 0 00010

-A 14 C4 04 m4 m

.4 v 0 NN u V

en mr .- r.n enN mIm

*l cý CD40 0N ~ N CN.) oN .0 . 3 Dn )000 0 ) D

~317



I'... 6 4

Z, - - 4J a
* U 0.4 ~

-,. r-

00 .00

a
k~ 41

Li-I-- Cu

04

cc 0 Ioo. ,ý , 0 - 4

-~~~~~~ -~~~~ - -. -~r -.- -c -.. -c ~ -r r 0 4-. -0 - r -

.t .- . . . . . . .

-0 00 w v 'o



a,

LA C4 ý

*. 2a t ma x a aD

00 1- 0o N

NM 4

41 -1

I . 61. .... . . .~ .-~ .

-:I.

If T .T .IFTIF..4.4. ..

-I

*aua~V. 54..aw.

'319



01 w

0101 ~ ' 4

~A Ix.40

A .0A
t6 b. 6 )uu

66~ ~ ~~ 4) 04 0 .

44 £.... 4.4 I 1

-r1 01

C' C- - -



0-4

166

I: 0

94 C4 4.

M. V. .

L -N , -n

W"N NIb ow do 
1 4

N 'D 10 ee @ 1,10a P

4t1041, 0 1 11 2~ 0 .. 0 Q ' d"4N2 0 54 0 0 0 k
4~40 -1,~ 4 4 ý4 M-.- o0 on4~

F- k4-n-W

-0 IL D1 D 0 V 0 O O~~~~~~~~~~~~~~i fnI.L4S Ifn...... m~..&.k m.41h1 h1 i, 41

5.~f M~ in on In fn fn. 0. on m. ol U- el f" 44 44~f 000 0 Z 'mX

Qoo 00 C0 00oo00000001,

-4 -
CA~

321 45-



'4

a 1

Ce v

- .0

04 - el0
a 40 4D cc.4 0Gd 9. 0 a-a9 40s ýd

wli n a n .U fll, ia as r

ILV " -' ~ .Ua ~ .a4 a.~a.
4 

,~C M.

ang -c; .4~4 .i -

P, v ',vv l l
u C, ýý

I! PCf 111 WII u dU !L

7a n - a n

A L% .;I
- ,Oa-aoe 00000 iýoooo ooo'ca C;C4 00000C C

f~ olI 10 0t 0

* ~ ~ ~ ~ ~ ~~V ,-.~ 5.. vill XO4~- x44i.i z.~. ).,44 l



w -4g. k

Cý t I'-

* 4

-C 'Go 40 CD LU -N M-cs cl

:3 4, doE 4 -CP @oIn

. ... . . .n . .~ .-...

em I"m en.rZV mf

0 a

'O's
-0 1 VIV 4DbDA 1 N AW4 In

oi -1 rr e.- .I 4 m m ,mm0

I .- . . . .4 . . . . . . .4 .n .4 . . . .

9 -*'-I .~ i %-4 0 4.WX* i 4f

ag-.--- A. 9-m~ Le t 0.-~r IR 9 8 I mAwe
x- z lj

I'4N4-14144~X X;J'1 xEE x. x.44 % I~

32
* u E~wu



I I IT ° I

. I!

I *

- --- -

S!I -!l Iii

v11 ""r " - ,.-- ;

32L



*muII* 
- -

- - - -

lpii

-i 

- Ii 
-

S 
I

-II-



II

I JAL

ii ,p-

VM ,m I! I
IiI

A 
-

326



Ii

[3
±1

a 
ii

b 
0' 

0

S 
- -

0� 

C

I -- 
* 

-

0

I

- -
I

� � u� min&a .e.inv. 
a am' a� uam&a .aau�

*
I -

£ '4'

I

- -- -

-p

2'

IU

* 

-
--

0

4*0 3�) gid WIUjI m0..wq 
�

JL I 4-



J ,

r!- •"" I' ' ii!
S0

II' llli
,• _

• o :,•I- - ! ll/tl T ii
i i Ji'o, ! ii!W ii i r ,N ,.: .|

Ftrl ii ! v ,
I ' ' " • " ;• ,

' , J t
3• L I•ILl ,I Ip i -'-:

"32•1



1"MINNOW
I-i

ILo

3-1 W" .f

~i'.:j - 29



I 0 00 -

aw .0! t.

:3~ vo 0 3:
v. vU

4~~~~~~ z.. '. aa a'0-.t~ '
'a ,, 214JE

anP- np 40 oi

ccQ 0-ý

&a ccaN- 00ar Cr (AS a, 6N ý . 4,area- <y' ar , 1

L aLa'fa., 0 aa a aaC0W A.a O J

(. 00000 Z 0000 00~0 00000 00

10,a 110 o 1 1 ~

711
U) OA,~, Xa A.k.x , : : :7- X:x

00000 0000 OO o 0 00 0



fal ilf 1

- a ... 1 0

L t? IS, Ia Ij Im A P
On - n On- On m onmm- oo

ell I, 1_I116 11

I Hm Hill,,I 010

Ii



0,4 - . i o -.... w ~ an1.o

0 ,, -.. . . . . . . .

G -

4aI , o l , o O* C, N I a, '4 * l * O

. . . . ... 0 . .0r .- 4 0. . O

c4-, 4 11 0 - .

4o,

t ... . ....

o- In ~ ~ I

~~~a i c •• o 1, A AA A A ;A A A A lnll~l llrr1

r r.. x. ;r r0. r,~ r.w. m r x .x4c



4 4 l

0000 0 0U lb-4

C6U .4
CL ~ U

gow 0.ni C.n enn. 0 eG. acneneeA n ý4 0

"No i. . . . . .b . .. ~ e~ . i. .eI . b. b~. .h .

ibiS,01 e y 1bb bi , 0 00 , m aib ba, m oili a, bbb0b0

,,p- g,, an F 8 A S S a

a 0 0 0 )C ;C ;C a ; c c o I a clC a)C )C

e 4" C -J Cý M

4,; r4 -1 -4 --

S~~~~~~ oexo~ z~-,oo- z ooer vze~a T j



S.,Ir .. 0v

on Uo
41

tC

00000 c! la, coO a 1 c o O

1114ý4M M M -C U C-4 C

b. 0000 W 14 11 PUU4

V000 0 cu0000 '4 U'4 C4

22C 
C , .

- r, 0,2 Pa,(1a Q4

In In1
In.n m-'

a.,I 0 00C - Crm , 0N Or 40-

10' D 0 ' 10 .- 10o. ,.g-g0 -g ..DgID ..

-I''

00.~ ~ ~ ~ ~~3 000400 00 00 00 0



° ' .U ! U!!!I
ý4 .44 4

I 'I I Iii

I;

K El Ii El 69 6

10 o N

S0000-.• 00000 0000,,' , .. " ?tZ ". 2 I I

X A r4 .3 m L3 - f, M0?1 n W.

-• 4 I

0D '4 D1

S= o~~~o~ ~..• . . . . o. .o. . . .. . . .

I 00000 00000 00000 00000 00000

i --

I4 W

ZlJ -4



7. 1 tL

SI a I " .s kwtI i

1: C3 II ' I-, .-

'1~~~ CC.C a-t~

41 J1 A 4 A

-136



9 n

Q'm

... . ... .. . .. ..

.4 .h . .. . . . . . . . . . . . .

A AD

08 co 0*aco 00000 SI 45 00040 **...

v - V. vt VC

33



I I4

*11 I0 4a

ao 6m cc

- t'7 C4.. 00c m 0 0 o o

-0.1DID In -1- -I n- --

13-4 ~ ~ ~ ~ ~ ~ ~ 1 1.- Ien C i n*, * . 1 m-

4. ~ ~ ~ ~ C (n o.t-- 0) c 0i ctcc- it~~io C. C) oso

41

-4 2 i CP. XwJ & ltofl Ol~ f O cia @tt itt.n

- ~It*Ci-~-** sgg D.C r-I-41,io m--- - r- --. -- 'ma
oHl cC c ý Q C

it C S. 0 1. i 4 it ~ 3. 3 3 3. 3 3. 3. . ~ 1,- . i > r >i 3% % 3

fl 03134. 01340 U113113 LUUU UUU U UJU4



I.

a - p , p 0 ' g

I -

OM ----4 --- 4 M W

A-4I

- -- - - - a ; C

m C~- r w ~ r 0 14 1 AX)o

-- 1

* ~..k..............I



-1' - --
I I

t i t -t
100

-- --_ 
-

ii I I.i

To

-t a 

:11

340

-- - ---



-- -� --7'.

ii 5.
101� 4- --

I Af� --

lii!r
-1 - -

i________ 9

I.UII.�I

- - - -.9

S � _ _ _

4�--J �I -

-r .9is

- 1� I

.s�fl .�.whI fl�fl U �fl

�4/ 1



-- 
----- 1 7�*�

I

-----------------------
a 

I

-- 

a jI
��----'i!.; -- -

U 

.juJ: !
__ * 

-- 

II
- -- - -*-- - -�-*- 

-9 

9

- i..7Z
a

----- h j
ii
I!] .1

I

9

�.- 

9 ,

I 

i--, 9  .1

� � f�5A 

--

342

A



IA

i/ia52
Wgfi 3I. -

III -

TAW-

34



-1-I-- - -- -

ia
-- F �: C)

I
I I�.

j 'a - RI� 0
I'--4

g
- 0

-

1 a

t I -
I 0

iII� I I

�.113 * - I

��IIl ft I

1' -.gOlt IWI/N1 �I * MIYUJS �Oex Iwii ii- I a hIV�J5

�1 -- '-'-r - - - -

� 1
-�

I I jI -

b

K' 1 VV.-+4- -i--jj I t x �-

t�1 If LI.

-I-

�i 44

- � - - -



VL 7K- --

m ,S

34



1 10

t t

- iF
-& -- 1 ... .. ..- •

VT

- - I S -.4

_ S



1-1
- 2mi 

i

I x I -I/0 W) so~ jOil w OO

II! To
*------------------. - - -Iii-



Ii u

1. - I

,• • , •.



F IF

I F1-I ~TRI

T. T

N t-

j 4 9



I rl A I I I
1i 0



- - - - - - - - -

� r. - I'riI' - - - - - -

I I

t,. ------ --- iii -- -- 1
I

-ii _ 
I-

I-.

1' -1I. - -b
OIMIMh/U-� 'MIVUJJ -

-' 1 iI�
I - -- - -I

- ----- 1 -v
[

" IAg I- II
--------------

B i;u- � - -

,OiUG�aJU-�I 'NIWinM

*

II
lii1�

* '*1 ii
U- - - -w

3!d



APPENDIX III

DATA SUM-MARY FOR HERCULES 3002M/COURTAULDS IIMS GRAPHITE COMPOSITS



TABLE OF CONTENTS

"APPENDIX III

SItem Description Pes

1 Table XVIIL - Static Properties Summary -
Hercules 3002M/Courtaulds IRS Graphite

L Composites 354-369

2 Figs. 406 to 472 Static Stress-Strain
. Curves 370-386

, I 3 Table XIX - Fatigue Properties Summary -

Hercules 3002M/Courtaulds HMS Graphite
Composites 387-397

4 Figs. 473 to 495 Fatigue S-N Curves 398-403

I5 Table XX - Creep and Stress Rupture Proper-
ties Summary -Hercules 300 2M/Courtaulds HMS
Graphite Composites 404-411

6 Figs. 496 to 506 Stres, Rupture Curves 412-414

- 7 Figs. 507 to 528 Creep Strain Versus Time
Curves 414-420

',3O

S

S

S

St

353

N

_____ ____ ___



-4-- 4-� -. 4�.4 0 0 �V �-�; �
* t� 4 �b 14 U� 4 � � 4 4 P� �% I� � P �O0

A A

0

- m r.. - 4 P I� �

-- 4 -

.- � c o a a a a a a a 0 0 a 0 0 0 0 0 0 0

ii ...� S

I
� - 4 0

.. Q � 4� '. 4 4% Q 4 C' r'4 4 - P� -
� e�oo ' '-44 �4 � 44J - - - C P4 P4 P4 P4 - - S

� Ii
� �
j3 h�. S

t I �
'I ,, U-

- - - 0 0 0

* g ,,

- �!
- I.

I I S
4- I

3,;

'I

II - - .4 -
II U S S U

Di
4% r�

. - - -

4 4 .5

4, ,-) �,

3)4



I

- I

* A . . .... 0

III

Si , ,i. , r



I a*

Ii 0
h
fl

0

- -
�0I � 0

p I

*1 - 0

a I
f I

t a

�t --
* I? �- .1
* - r

Of'
L� ...

;;� a

ii I
-, I
C-

7: E r 9

a I

�. U 4 q 0
L L S.il .�j

a.

a' 0
� ;� ,�

ci -s

a, -�

I -
§

Si

3 �6



iiz 01
400

g. a co, -,P. '4 - -- .

*I I c

- ~ a C P4 0 0 N . 0 Go r- 0 1 f ~ ~ .

k~ DK e. m' m' 0'A on c 0 .~ - P 4 M c4 m

'A

r 4jI

al .0 . 4% ' 0 W 41 6 w



# ~ ~ ~ ~ C 4; C; . .4 4 4

ILI

b] 0.
4j 4- !- - I

"1. " 4 ,4 -; 4 Z '-4 4 '4 4 4
;- f ýý- 1 4 ; c

4-F'

.61

Ill - -

358 44



AA A A

IDI
x ~ 9- ~ O V

fl~~~~6 tý o - - e. - .

Ir 4Y ý l

I : : :t'4 .. 9 9-9-~ 99 .10 0b,09

ce

'95



A A A A A A A

C~ 0. c0 V

446

r- r 0 0 00

, ac r14* 0

17 r4 4r C-

44 7, 4- ,7 1 2 .0 0 0 00 0 x c~

'V, 
.1 V)W l -4

7, ;ý C U 7 ý
GO ~ 0 eu V' Go 0) 40 4 1 W( r .C CG ILI

H ~7 7' !4 0'04 04 0

416



0
0

-� .
0� 0 0

.iI� N �'

I -I
m

* - , � -. - C'. .tb C-, �% C .� .3 .3 r. 0. - .0 -

'I * C t% -r - .C .2 N .t f'� * C� jbOC-. 3 - 0

�.: -

U
-S
I'

ii c

F C

II

I,
C.: I

�.: * -

S

� i TI -� §

I,

' I
* II I

lb.. .0 .b S-. .0 � 0 0 2II � L 00 0* he -, -% - -. C-I � t� N -

- I

I .. � '. IJ

3.1 U U

�. lb IA 3.. 3.. U

'I 7 4.� 4.1 4.1
.1 - � cc

0 � � - EE�

� -. �

I: ii
4 � .� C. �' 0.0. � � IC

U 3.. 3.. 3.. 3.. 3.. Z £ .� £ .r S .L .. .4 .L S S
- .E .12 .12 12 'CC Ill f3 C� F Cfl tIC bit C/C � Cit Cit

I; �

.2 1! U 14 U U - -
- .-. .� .-.. ...I I-. b.� 3.. L 3.. C. 3.. C. C. U U 3..

C,. �. �. C.. 0.. C.. Il Ii II Cl Cl II Ci Cl C. @1 Ci
> �. L � C Z � C. � C. C. C.

- 4*

bC bb *b b� b. .................... I
I II . I

Jr J Ir .-. ,



Is I C CD

Go .7.-

- I ,

2c c C

;7 -. -

n= 0 a- E C

;• -, I , -4 .. . . . . . .. . .

!I-

Sr f C. a .c a "

4- W

f6 6 6 6 --ý :
C) 'Y r

. . 0 0 . 0 .... U



A.. 0 C3 C-

0-I

41 t, r. c4 m 4I

'I Ij, - , 7 1 ý ý -
C - 1~4 .1 - 0

r7 0 1 - 9 1F-v "4 - I-o-P.P F Il E

0~~~~~ 0 o ~F - 0 N P

C-V - - N -8

.4ý



-c0 I. 0

I 9-. n ,

4D*

-~ ~ ~ O CC * * 0 0 * *

u~ St C) 0 0

-0-

4-

t a a a - a a a a a - a a a a



- ~ ~ ~ ~ ~ g 0 0

a a~ 0 D 0

%A L ) () L f A

. .0 41 GoC W ~
a a 0 0 EA Ln ti *q 0) tn 9)CLa L L -C. C .C

- - - -365



.o

-'C C 0

I. . .. -

* ., --

* -- I "

* 4.

C L - -

-I- ,.- ,6 C



- 4

it . u 4 
>

r C- - O m ' m mr ip 51 4) 1. Q " 06 M CL CL P.

0 0

0 C

1 m C 4

""36

* U

U 3 0 0 U So c U 41 41o o 4 I

- I 4 -

Li (. - - L U - i I 6- U



El 0- E3 C C

* , 0 0 C > 0 1d 0

C~~~~ C9 m10 a I .d C )

I -l

- A A 368



r- 0D m - * I I

-D c~ Ir c 0

L. c;

in C5 0 0 a 0 'C t ..d f 0 5 0

4: In I4

-- - ! 45 5 ý4 t I I4

>. - >1

I~ ~~~~ u" c a

rl v Tr, ul Ln L . w S ~ U U >

r:' - 4 ~ ', U U > > ,

Eli 1/ tn 'A (n

I, Im ý



* � I
-4- a* I

125... 4. - ft
I

___ ___ ___ I-

hI�E
- - C *. *. -

- - -- ZUW 4 - C IN�

L �
I __ J __ I�.

S ____ ---

1 'F

U

urn - � mu.ia vms

T T .1 -

[-1" ___ ___ 1� III!
___ ___ ___

I I ___ [� -F--- Ii'
I __ II4 -�

-�, �I
______ �

-I - -2 �. - I �
4 II - II� .5

I 1

I � i. - C

5 II��I
11'.I
II�-12 jj4. .-.-.-

*1
--. I

<V
-

qu 111511

3/0

ii



a

�iII hum -

-1:4!
*

-1 i
* I _

C5

0 -'0 *I� I
�1 �ji! -I IIH �g �t*�

- -I V.
� V

- -- - I �

.L L� * 9 ______ .9 __ I - -I -2 ; _ -� �
gsa warns

saul m inam

I- - - ���1���

-I - ___

'a E �

* -I

0 t 0.

o -- -.- DE� 0� ___

������1���� -�1 ___ ___ ___ ___ cc-lilt
I � ____ ____ ___ ____

-------- �I�-----II ,* I I
I U

___ ___ ___ 1
I �-- �

--- ". C --

-, Cl

scm, �srn�w

371



I.L

Ml qe--! -W_ lw

372



__ 
__ II

______ 

--- F-
U 

S_____Is �___ 

jo 
-___ 

I �!iii;- 
____ 

-- 

-

Li

2--- 
zzzr2

*2

*u

,II0 111011

___ 
____ 

-� 
___

-T---

-� �i- I E�

II � 

___ 
___ 

__

I�i�II� 
__

___ 
_____ 

____ 

____ 
___ 

___ ,I�i

I
_ I__NI � 
- 61

______________ 
-- 

I I
-s-- -�- IImu� 

11
"'Mi'

373



.� 1 .�,*u�m-t- I

0

71113';'
Ii

i - -- a 1! 0

I -liii
-- - '* 1

� -- �� U

J
- 0

-� - - m 8�

i1um miniin urn �uu.a* 0

rm�21

I � 0

@00 ii
Iu�5 -. 

I
' '-, - U

T M

- ____ ____ � ''it
___ ___ ___ 'I!�: I E -I- - --- 3 :�

- - - ) I �

-- I KEIIJIE�:�
a 

urn

-, I �-.



F �-7. - 'IIF � I
I �

-� I
I

It' - , 4

1; - - 'if �

___ - I � ---

-- I
ft. - - -

I-, '��0

* � _____

113 II iU�1 J
I OWl U�A3 &Jmma�

?'

I

-i �
L

I
8 2

__ ___ ___ Ij�
& F'

___ ____ ____ � - I --

___ ___ -I
__ __ - I I

9 -

li� UJMI�

I IOU, WIIUAS 3AIindwa�

3/5



I

8 I

q �E - - -�

a - - -

A - -�

j*o �
3:- -ii

'U T -

U

-- -- -�-21 �
-- :13.;1- ____ ____ -

I - ___ - U
-- -- I

- I
-�

I' � -- 4.-

- (,.

5 0

t IUU) �dI 3�SSUMdU0 IN ISItAS

-- I IZJIZII -

- ____ --- I

R.- 0
-I

I -"

C,

-;�� 4

___ I- - : '

I

- r.
III�i

K

It3NI33�k3 5Aind.�

I.e 'tqntt

376

- 4



-~ Z4IZ iLIZIK.
1? a 0

I5,6 A (In sm.

_6 :11"m"-ma~d
,:Sv~nlml

37



Ijr

oim IMI3muo

37



I

'1

�; I

:Iiii-��vi � ____ ____ -"liii
______ ______ I ______

I I
I I

-- I 7
��1� -

�q U�J* MVI'S lIE Ilidji

1��'� 7T
i: LI - ____ -- -I

'I I

Hi
-

IlL
* -I

I ± -- �

' I
_______

-� �---- ___

KV� � _

L�*iIt, 1rnsivjt �; 1

379

- --- S



-F-
-1

-2 ------ � �

I..- -
* U
C S:00

- I � I *- - -II �

= -

___ ___ ___ 'i;, zH?��- ;1j
___ I ___ I ___-I I �I �

I...
I I *

'IN SIUNjI *u� N�Ji �I3UdU�

= b - 0 -

___ IE.It

I. �L 27$ij � __

I 1301 StoolS m.I1

380



I I! �-

3� I;I
- r. - - -

I�li

j�i ___ ___

�I�t ___ ___

- I - - ___ -- - .� 0

4 4

U,;

b�IiUU * _____ - _____

-� - I � -� �I

Ii ------- ; !� - ----- 1

*00 Ia C 0

.---- -
IL�

*������1��� 2I� - II\I�I�

* -

I .'U "� _

I �---Ii I- --1 -II �S0

*1* � I -- I *IZ
I ! ! U

I U9� U�hI �UdUW I *31 u�* 3dU�

381
I



F ¶

I S
--- 4,,,- ,_ _



4

IL_

o~ L 14'E.
ISM' Mwls

TMUQ4AI&7



-s
I C - - I
* - C - -

___ 
0

-- -- I�
� 0 pI

1� Y
I �'

9*� a.� - -

NE 5 w.

a-

-- ___ - -- ___ __

r - - - -

r

Wh42211 ":
*g. � *

-5

I CO

1.

r 
3

z -�

a

�I*I

- 'K I' K

��j��1-.---- 0

384

A



| III

, !Y

I € - ,.-- .

! ,! ! p ___

J F - , C-

-- I i i

385s



II

a Ioa K

jIIS IF

,, iiii
! !'

1 . [ . . I"

;a.) awls I.-.. .

-1 ~ I



I.. 'o L. J C. L, M. Ul a * 4 . U.

I' 4 15

21) .4 - -Y.4.

.3 -f c .0 .0 .0. .0 .

.4.4r le- .44 4. 4 . q 4. 4 UU .

4.4 -,i.H -H - - . - . fcI

UO ;r -' LJU L u l
387 I



-2-7
go

Lj -C

Q Q
c 0

lcý C.

'4P 4 10

01

0 IA lZI

0

0 C,

C-1

g A pi

L, U U U LI

388



• U

.- h .1 4 b b

411

, , , i aw, , -u , u , a -i i

hi. . . . ... ... .Ii1

384

-_..0 .1-
pm 44

000

0 0 0

-0 4 --.7 2 l a J *0 13r.r W4- P - N

gin

Q ~ ~ ~ i foll -1 CO f'o i m on e

.I~ .. .. .. .. .. .I. .. '. . 4.... . .

A 1 4 1"1 1 J l I I I 4 I I I I44I4 I I I

IIIQ
U04 u, u u Li w --- " u

u U, Ur Un in Un in Un in U u

4~f - 44 4 ~4389



aat

um In tn

C,-)0 -0 ' 0 4$ 5 0 O

1a 5 a 1 a a a . a '

29' 8" 91a 9'is

Ct C C'. C;CrC 0 C ; C'4 C; Cd (N (NflC ; ; ;

I t

' ~ L L IL Meo". ~ ~ .4' on., m go,'an a

C,0C 0 ! 0 C;Q

g~m. ~ ~.-''C'. ~ N MU U N (C'4(N ~V?.~.4
L) 1.2 u

-4 NK m~m UN S U390 ~ ~



Z. =6 .14 =

too.

(L- 4. U. - ...

a4 0 -4D.Q
ui~g, *

u o 1. 55 u ~ I .. 55 ~

1 6 saL tA ;9 -1 19 S

0. Q. 0- Q. C-14Q 000 0 D C o

4D r,. 40 m 4.c

.N II II I 69.

N, N-.t 4t 4j:1C 41 ' 4

w.~~ ~~~~~ .. . .... .. L..I.i. hk . 5



I w,

fill.bh bb-i I~-

a n n 4" -a 0 t S -

x 3: 2: x -- OR I -xx

I It-. I "= 5. 51

0 -. C;lC ý4 0; 4' C;i

* t4f 4 A A

'd- U u wul u uýdu0uL rQ



e4

'a r- -n o c) Goo ýl

-G, Jul 41 -6 4

.4 .0 .4. 4 '.6

02 z Lz z r a a0 a0

T~ -4 it 2- 2 -2 !- 7 -7 - -1
*:- w%:1:1 ý '1 ;,-k bc : I

(0~4 .0 .0 .~' -

.. . . ... . . . .%

IT- I - " N -40 - ~ - .'4 m 48a
-4100.1

14 cm (0 - 4 -4 N4 44 - t ~4 ~445 44 1M (0% 0

-J 
P 

n a* ~ vu uu- .ýut .r. u~f u, u to u U Ew

~ ~ 0 00.0 ~393



4. - � S U
- - i 'n

* a ¶
I- �

A A
* C S 4

aJ &-4'4' W44 4.44

u-h. I-I..:4 £jN ki. 541J of
A .� h LA A AL LA AL

m B Sal � jam Ca US

� N. II
- m

>c.,-au - -

C.cS4�- 4 0 -

* c�, - N C'.

ii

5 �t Co cc
-" I 4�.I

- ri -' 0.-.v-..--.
' - - 0 a

fld':'� .. *.-�QC DC rI.t*'0 CC.r(WI-.

Us Us �) r C r� s( -'- .- co c-,� �

,. rn *t� .1 �J" (C' *.�
.� - Ij .. z -jr c-i :>s' �sa-�-�

,: t' '-.cz-s-." kr-.n-w--a.c

. - U.

'I �:-

f . I C
� �N

I-H

-. II

.s.i....U �>�>> LiNNUL. I) Li 14 14 14

C;90c QQOQQ
2 oo0oo

CtCCC 000CC OCCCO 000CC
I- .,,.'r---

Cl.

-� oDoec tococ cQcrC :czoc
r r1r' r, .,C'i -. ,41C. . r'' ''

H S
:1

I.K -- - 2 CC' CC. (C:

7 Ji
.1

C ii 1 7 1 4 -t I

'0 C 20 C .4 C

C.z �
A.

Q .- 4.4,-�

AC ill It As lfl %S IC -

-r Li C C CL 4 u.L .. 4iC L.A C .15A5Z1UJ C �* fr�A$

I� ILL 1-) 1313.) Ut.) U

i-i



h 06 41. %;- -

aadi

se .3

U~~ MM N M

IL t. -4 r

. ... . . . .. .. . . . . I . . .. .
Q Pv, ap 'a C.0P&a o 09

:1.1 1 :53: 5Vi : 5 1: :

g N-.J z~f .01? . -., 4 ,n - A4.ft. " .40 4n

a-C .. ' v uI uOl. .d .1J1.?LCuu u uu u

:~ a~ OJ,.....,'~. I~395C@



9~b~Mb IL ILI4 Ib ~ a I

0 C, c' In c4,)

I In
41 .0 0In1

0 CJI, 0 0

'(4 '0 1- 0 2N
L34In Ih- o a

-4 1 .fl AN ;P - n

Cý C 0 0

tA U- U- - JUC

439



31

C4 A

A) Inil 4 .4I 4 m - 0 0W 1 . 0
-M LI

CD0 a 0 - D0 aco oOR R0 0

P- T. t.N;

k U . >.&41 1 11uU UijNM

Ia 9 x o

m '.-~

I" .nco 0t-V H IMe~
9 q a .C ý...C

u 0.. - - i wu u 3 u r

-. 07



ii: i I rJ

Ii -

L I
I t

1 ~1

I 1a ON Dvsa a



- b
- - -- b

b

.1 -

*. ii
- I

*� Ii
--- 4 -- 3hI�

I I I iii--hIt - - 1---
-- 9 'I!

* I I I� i�
-I; -

-- ---- I --

- E
----- U. ---- -- - - --

* -- ma�s . urn -

- �-w------� �- F� -'-'--- - - -

I.'
U. mu .- --- U.

-@ A - a ii

U
U

-- U. S -.3.-

I" III:1! iii
,b�.Ii

I.'' iii
U-

I 4,

I E
* j - * urnin -

-I *J



I ,

- - o

io S• _ , _ _



I -

b 1---
I I

I
-'. flb

U 
2 II

ii ii ii I!'a -- 'a -- -iii _ _

_ I �I
* -- dull - - -- _ _

ii!
I', 5
I -

- --- - - -� b
- u� - uw Wi m m

rti --

III
II,

IIII �
4 1'1

-. !I I]
I Ii

-- -� I .1 I�
'a Ii I.i

-- - � � liii
I' S..

------------------ J IL

let I g
m �m mum

401



I'
4 . II ii i

l

i i ..- o .i.--~ - '

io5

-r7.

-.. ... "- -

- - I=

402



11 ii

Iii

---- -- i!
___ - Iii Ii

,.
jU ----------------------- - J

-I _ , Ii!

4,03



.9 a.

q~f "gso *..

6' e

r, 4. ~ 3~ tý t0O 0..ee... LI k:

u 41
a ;D Iý

5~icoD c, o c;c,cc gd.5dcc; 555o c, o;Cýc;;c;

-U-LjgJ -u u, uL)I' L)U Ou O( u (lu)



I I
ILI

4.." owi

0c 1. S.4.

V. - 4 .

a 10

cl v

F- CL4 (*,

- 4 -- 71 m0,I,11 0 W 0 OD Cl 4 aM

Z) cz, c o o -00C

- .4~~~ 'L z Z, z c4 z-'- a r,.-'o z .rr - 0Nor m

-I-~ ~~~~~~~~ I V VT * 6QC ~ 'V~1 ~ 0 (99 I
c ~ S( r r 0 c r r c c c c c c a

ad . - 1 4~C 1 . 0.7 0 4 ~ -hOý ;A' 7, J, J O3 J 9 J9 J

IQ IQ

CU)- C ,Cc ,,C

4, J- C 2 C 2 O OC 0 0 0 0

~~I~J9Srt.: ui-ra.r ufr~.r u u uL.99,

Ii405

-- - --- -



II Hil I

at~ I

AC

*~~~~~~~f 4 a a a a S 14 0"

1 .6 aV a a6 a1 a a 4a 0

A-

z x; c x w :cU , 6 U

kazzi m ail~ 7jm li

.o o o' e aa, a a , a Ja i maa

899 a996K12mmH "0a A1 1
C;Uc ;0 C ;0 -C

M et 0034 .0 .0 0 .c e .00000.

I- L) U, f- tc ua -, u u' U. cj U na Ulf u



a~ z 0O.4 0 0

I. . ... ...a

00g am

= . .x .=

=. C.C x A A

=cg ra m

t-, -u u.

go g
~~~~~~~~~~a 3, -r 0, a, 01 .0 w4 o c0 m4 a, a-0 '~'~ - 3-. J0 3 . ) 3 )0

S.3

0ý C: c,0 C 00 0 ; ;c;*o

-n u- u- u~ Q - u u -3,, -u rr4r



.1 ~5 I*ere

MITII

1111 1111 n 11 lie! ii

0'A

5t, g565 55 0 SUR92

I- (("

4;, -, -Wj 
j 1 1

.0fn *,5

AO C~ 4 O--- -S tl 4r4r4

U U5 SV ( 4(.SN 4N Sl S S S V V S 5 1

-u UJU uQuus L)06664~U ~u u uu

"5~'~ ~--440R



As.m .,•

r, 'i" i• ii i "

V d o - .• . • ,;"... , .

. . . . . ... . .' ... .

.!

I - q

;8 S

rp a a 0 0 00 ; iC;

II 409

Si • i i ii m-- i ii -' i ii ii ai iC QQ QO.. IQ . .



A1
U!! .1~ - S

i

v v

•7'7

C' tI ;

I0 ID I 0 In ,

,4 -. -,

Lci.L'+ gu..... St
i ibb i t 4 i U i ji djidi i i + * !

Xoc La tnM M-I3C X :Cl X Z MSX

SQ C, - -. - - -.. - . .. . . .- . .-

J. .. . . . . .4- 
-1 I ,. C..4 ...

4101

.'w:~ L M . MM~tMAM U..~h. .- MMAMOM.



ZII!

.!I! u III
u u u euu v L

-4-.411



-- i--a --

I a
-- a a

0 I a
I I *�

* I
- - - - a

p. - -- - - - - �uI�
I
I

iip

ma I�SS

a aVV Ii
o h I

I:

II -p e�

---- '9 ii II
*t2�&5 .,. a�aa a�

412

-4



I I; I I

"lb

II I a

flit fti
L4 LIlt

4._ / l ll i "
.. u*l. Silama



H
-

r

b11I! i
- I

-- 0

I;
I I

- - - 4

'9 - - -- 6

I
3

S -

U --.1�-�. .
- .WIIUUU�dI8U�S 0 �

.gumb�S hi�U - -- i-- -. 1.-- a I
I

5;
- - - S- N I�

-a tI'
-

0;iii III
S

H
'9

'P
��.

U - .3nhu1 .,� 'a

-� i.�--�'

414



x AIV

I fill

S I i ii ! .,
II!

.I.- wg --. x ~ tam .0ii

0 E~~ bi W ~ a llm . * l

Sit '' I
& ---- it I kI

, I

...I i.. "I It

41.5



. 5 
,

4ili 

ili
-- ---'-;.

41

S _ 

.... 

.. 
... 

. .

,. • _ .......... .... . ... ... . .... .. "...... .... r. .... ..... ...... .. ... • . . .-:' --• ,,II, ,.""".•

t t t it tt i t it i t i ti i tIiitt 
t t tti i



- -i- -li -----Il '
I iI I

.1 1 1 l I L I t

ow P o- -0 RM m 1w.f wu
412 1 U ...... ....

I l l - H!l --- -- -i l i
Iii i l --

ql I l- -1a -
3~ I~m•ttwvj



-- - - - - --- - - - - - -

1' ii

ii! - - - - - -. ii ii
ill Ij II

- -- �Ii C

I�I
.--- iit III

II
II

-- - - ii
ii I Ii

- - - - - . - - - - - - I

* � - -

- - - - - - - - -- - 1

I

'li

ill Ill.. JJ
-- 1 -

I -I!I I II�Ii 1 �--- iiII II Cii* v.1!
- I - --- - - - - j -

1 .SU* £�Ibmw�� - eIE

418



LI Ia I.
M. -W.. m

1II 9II

I -
F' 1 ii 1

• iI"

- - -- - - - - - - --9



FU4

Ub

4D.

6-4

C4

4234



APPE14DDIX IV

DWrA SUMURY FOR 6061 ALUMINUM/BORON COMPOS TTES

42



L

APPENDIX IV

Description _____

1 Table XXI - Static Properties Suary -

6061 Aluminum Boron Composites 423-428 G,

2 Figs. 529 to 550 Static Stress Strain
Curves 429-434

3 Table XXII - Fatigue Properties Summary -
6061 Aluminum Matrix/Boron (5.6 mril) C!
Composites 435-409

4 Figs. 551 to 556 Fatigue S-N Curves 440-441

5 Table XXIII - Creep and Stress Rupture
Properties Summary -6061 Aluminum/Boron
Composites 442-443

6 FIgR 597 to 55R Stress Versus Time to
Rupture Curves 444

7 Figs. 559 to 566 Creep Strain Versus Time
Curves 444-44

04

422



400 a 
.0 A 

.

Z~ w a 00 0 A000000 aa

0- 0

o a o a oc ;a ý ;C ;C

Id w (.4 -4 C4

IL

42



S I S S S S S S S,

I--

0..

01.

S°
0.* C- U

-J *? .



on Uý r% -% p-

b.9 'D %D P,'a

I ~ ~ 0 fnn. In Cn - Q .* 4 q4 (4 00 d, 9

004

1-t

'-4 '4

1-0

1425

C'-el



-TI -

0 a- a _. _ d -% .0

m o n~ p t-

ki be 47 1CiC . i . i . i . i Ci~4 . a

-0 0 0 0 o 0 0 0 0 0 0 0 0

a. 'D4.

4426



a A A A A

~~It

5LI ASISS
ao



-0 C; c; 0 0~4

-.-.. ...-. - so

IO4 N 4

-% 8 2888 8~~~888

CD a

.j l
0 $

- .' N ~~* -~ 0 - 0 U.4230



- - - -

I -

U C II!iI I I

ii:i I 1!

___ -- Ii - ii
-- _ -- II* I - DII

Al
U I

m�uU -

--

I .r I I

I - - C

__ I I -.

___ liiii
__ I I

* _____ ____ II
______ ______ 4-

_________________________ _________________________ ________________________

I

6

I
III. � -�

-*1,�i1.

U
429 1

-a



!U

MI 7

. ..... . .. .
* C

SIiiT -- I! - __ I!
* I \ .I

Jkji
- I_ _ p ,1I1 •11 I

I ~~2~ -1-- i
S.. .* *t . . . - _._ _ _.. . . . . _ L . . . . . . . . . . . . . .L•. . Ln~ a .ra • • • • • . . . . . 5 • - - r •-



WI
--- 

-.-- I

I kilo -

IL I _ I

Ni I

S,.... .... l'. . M.• A. .

zil'-: ---I



I I

-' Ii 4 -2



IIT

I I -i

•'~Og NN ..... .L " , . . ... •. .. ....

___4--..

__........._ - -
-:, ,-- • • :



Fi-ii

I Sol

- -
..-. i

\ i'I

-- 

S

434

...........



in

O a

f"; om ;ni g2i

tI

?-'EE §8ll| 1|§§ |§11§§ IIGIG

c a~o -m c3 o4500 -ds DO

;4W oT . T-ýT" ý- - 'W 4 "

a. a. c I -- - -...

V- g: . ... ,5 VS a-

*4 04 C4 P4 S i 4 r f 0

S.. ... ... .d�. 4 . . S . .



SI If I

iI,!7 * On . t i , S i CC4 t I !'

- ,a L" m •iý 0 4t

28 a I ;s 51 is IS 189 Is SS 8s S3 S

-. .• .-. -. ... ...........

tggg gll *
- - 4

o• , , o 0 , => o o CD c o co 0 0 0 a a 0 ai,.,1-

-T n .v

S-ii,

:•S • •.,,.. .......... . .

II . P.

S. ...... . .. ... ..0 0...0 0..0.00 0

S .... , - _ - • -. .-• o•. ,,,,,•,



.l .. . .. . . .. . . ..* * * . .. . . . . . .*

-C 8

-~~~~ C, 00004'0 c4~ c 000004

C .. C , I I.C ;n 1 C C- C_ CCr > 0

- A

W - w I IO
't43.



I ~ ..... ..... ..... .. . . .
I ^

"' "•" "• +141÷1+-141 4•141+14111 -+1-,1+1 -1-141 +1411+1+1+1

I. . ...

0 I,00 , !

I 0i 

* * 0 i , 
,) , , * .i

,9 -•' -. -, -" -••• -. .s¢ ,- - o c c o

I !.

- I 
i 10

46 a 0 r-

-- - C4 - ---

a* -4' -4 *-51 f-ý4



Nt S

QQ Q9Q QOQ ~ CF,-

a. 9 J S

"0.0 ~

* I.I...66. ~ .I.439h



!- !-

SI

I iV

0,,

E-- --- -

. .. . . . . . ... . . ,, . . . . . . .I•• _ ._,, .n . . . . .



-II

'_NLI
' "I

F I

ii

S •,• I~mllmmmm/

!o.¢,.



40 -Go1
0 a.

1Tc . -. cawo

-- ID-D

x o oM, M v 4 4

2, 7,

44



I I c II

441

f-? ~ 4 m~

lo .1 t' 4 N e

Y3. a.0 ,6p ý a

a- o 3
000 ) 00~ C o 'O

I -. - C... -

- - ~7 , mCn



-S'INMl I ISMP

o- .

IF

I 'l

_ eli

mivj I

I -~

444

_ Lff4J4



I J- I I--ii--- II I.

445i
_1 bE J



I

9 Z
to '

4i4

- - -- - - - - = - ~.2".1
-A[

I a,

446

• i i I i . ... 
. i I II J m-- • 

I 
III I II ii -n ]I 

'



APPENDIX V

DATA SUMMARY FOR 6AW-4V-TITANIUM/BORSIC COMPOSITES

1IN

"I

I
I

I

I

Ii

lIT PE.SEANCH INSTITUTE

447



TABLE OFCO4TENTS

APPENDIX V U

ite poscription Pages
1 Table XXIV - Static Properties Summary

6A1-4V -Titanium/Bor Si C Components 4" 9-454

2 Figs. 567 to 587 Static Stress Strain
Curves 455-460

3 Table XXV - Fatigue Properties Summary
6A1-4V Titanium Matrix/BorSiC (5.7 mil)
Compos ites 461-465

4 Figs. 588 to 593 Fatigue SN Curves 466-467

5 Table XXVI Creep and Stress Rupture
Properties Summary - 6AW-4V-Titanium
BorSiC Composites 468-469

6 Fig. 594 Creep Strain Versus Time Curves 470

'_!0



0 o

(4 ~ ~ C4 C 4 In cn -, 14 C .4 4

UU

'A IcC 0C
4D 0. 0 0

r _

0 .41 v. QA 4 j 05S I

4.'w

I449



Pd ~ - ~- Pd 0 0 .

N ~ ~ ~ ~ r C4 ra 14 V,'9 ~ 0 d ~ 0 P

46.

A8 8
bi. . . . . .

44h. I

it.

45



c-4q -

0 CD O O 00

28~ ~~~ 4 .. a 4 4 4 4f
64~~~~~ -4P. 4 - 84 8 4

*c 41 F- Z4 , act

643 '4 F 4, - . d~ - 4 .8 . 0 00e8
4j ~ ~ - *4F- a % 03 ~ P. . 4

a* -, -1 v u

or 3 3 04 .
4 4 4 4 4 4 4 4 4 4 4 iN p.4 fj 4 N N C

0 0 0 0 Cqo

451 4 0 i4 . U



soCa,4 p .0 D0 0

C4 ~ W

~ 4. i c~c~ ~ ~ ~ 0~ 4V C3.* V

a' " 0- Vd40 -Z 40 GO Cd @4 aNIIE 0

';oo

to' .r4 l r . *

F7 r.



q cp, OD Cl D (D 4 " 0 C)4

C: - 0 ., 0 In 0 ID 0D 0 0 0

.4 -~' 0' I 4l 0 c0 r- 0 aN

0 0C0 0 0 00

r.' C) c )

a Cc

C0 r7 f ~ r : r- c r: v r -

Di C0 CN a. -L as0 . 0 0 aN- IN ,.

1- 
4  

f- 0 2 C: C000 0

160 C4C 4y a0 0 1 - 4

.. .4 . .. .. .. .I ...I ' . L .



r ' Z- 0 a~

0 (Z

co 0 X .0 00

0 0 454



- lit! !

15 -

__,_, • I
- U

I •

9 l' il~

0 V.



ILi"A L I--

-ilt I\ ]'- *
i ii i II I _i I

N--

- '- ltlJ. ~iti 
-

- - I I-
- - - - ° ; --

"" "

_ _ _ _ _ _ _ I45
_ __.. . . .. 

-
, ,

, , ,,,



I' - - --I

t-

I u

••-- ii;!

- I_ -i

I I N

45m

4131 n wmh'm



I I

-- 2I

-___ KI
I 1 l J I 1 Ii I I IJ

, Ii
S.. .. . .. . . , ' • , ,- : - .



I-I

- -- - ---
I£-" _ .. - 3

:- h .,

* -- - - o! _ ,-

A a-"

, , , , , , , , • . . . ..

_ _1_ - '

____" _r__ U

4 _________ ______59

S. .. .. " .. _''... .." .i .- .i - .. . .. ..-E- ._ _ _ • K _-- -- -- • - . .



00

12
a 1 .0 ) 0

1-4 ft~4
0 4 1.4

>0 $4

Ink. 0 w4i
_ _ _ _ _ 1' W

a U

ON a

A fl Q W.

00

460



-. C

at 'A

04

I4

aa

W 6,

& 00 (P 1", 01,0 .4% o o
X17, I ol 13 7 ;o. -, ID - I

5
U - 4D D 4-

C.J h--C-

Co Q

IN_ In "

'D 'D.p c 0
V. Z. Z- Zýr.r Z.' Zrr Z V.-L,.

V)V )w M( ) E nt Lei~ th LOT.0. G ~ 'A Af llE 3EI -, '--I ~~~La .4 61* ~ ~ 0 94 ~ 4 S



I,.IS.b
0C

0z 00

a at mc 53K

n 4

C. -) 0 , , 0 0 r..- a5..

W 4.V4. 4 UL -1.

- .- 46"



I - ~ 4 -d -

f* C7 9 C ,

C,. C.ma r- 0

0.19 a., (1

1I -0 'DD-

C,1 4 C

10 9.

. . . . . . . .' .-

Z4 Z. 99.;l
tn ~ ~ ~ ~ ~ 9 99I AL nU mL n I n ME



40 W

f- F- 0 D- )C)0C 0

C' a, C, a0 0 0 G0I a0 a

10a

a 5
- CaC no0 QO .Q~ 4-4G

is L L? L?, a1 V) V

Z. zf z xaa z z .O W. l
In -- LMl aU3 a tC r'ErC n0LoU r nL W n w (

464a



J,4

3 b4 .4

v CL a4,49.

c S

'e4 Iý 2 9ý wt N pi z

00 1

o c,

>C.- Cu r1 .4( 9c 9 9C

C, .. 0 0 -110 30 91 C

-E 9 9

CL Z Z Z Z z 92 99.
ul ~ ~~~~~ ~ ~ ~ ~ U) (A L)0t n9 n V I nMI n m

-% 9999

~ ~ ~WH



IRE

Ii 0v 1;

-- - - -= - I
m * u ia met "Nmm ", m.u

r4I-66~~



I lb

r D

467

,-----i" i

° 'I.

I•"

46



I 1 111 fill
--Ii m 111

O.T. 0 . ..... . i....

a 0A In
.7 a . 0 00 . % 4

-t 4

2T '.4

'n 0*

~ 88g84688888



a 00 0 o -'

.~0 *0 0

w o C , o V, ch lu l D l

m go D 0 01 no w0

I'A-

&j oC -a,. C, 0 ,(

41

C* . . ýC

00000~ ~ 00 0 0CO 00 a,

al *'-4-Z3

469



- --- ---

0

I I 1 1 1

'-4

'-0

- - - -2

V) E

SIaJ

9-4 '-4

E~4W

-P4 W J 0-4

Q 4) V~U

a r4

4704


